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Abstract 
 

Kelp forests dominate temperate subtidal waters and make up one of the world’s most 

productive and biologically diverse ecosystems. Anthropogenic climate change is impacting 

ecosystems globally and kelp forests are no exception, facing pressure by multiple stressors 

including ocean warming and extreme marine heatwaves (MHWs). The ability of kelp forests 

to persist through changing environments depend largely on their capacity to adapt to change. 

In the current pace of climate change, understanding factors that influence the adaptive 

capacity of kelp is therefore crucial in forecasting their responses to future climates.  

As such, this thesis aimed to understand the effect of two important threats to kelp forests: loss 

of genetic diversity and marine heatwaves, to predict kelp future persistence and inform 

restoration and management plans, given projected trends of climate change. I used culture 

experiments to assess the ecological responses of the early life-history stages of the kelp 

Ecklonia radiata, the dominant species across the kelp forests of the Great Southern Reef which 

has suffered significant declines in Australia. Controlled breeding and manipulation of levels 

of genetic diversity revealed that genetic diversity did not affect the responses of gametophytes 

to thermal stress, but sporophyte recruitment was reduced in the low diversity treatment, 

suggesting the presence of inbreeding depression or self-incompatibility (chapter 3). Yet, 

further culture experiments revealed evidence of genetic variation in response to MHWs, 

suggesting that some genotypes may be more resistant to thermal stress than others (chapter 

4). This thesis then explored the use of an emerging technology, the “green gravel” approach, 

as a kelp forest restoration tool in Australia and demonstrated that artificial substrata can be a 

promising option to provide seed material for potential field restoration where natural 

recovery of kelp forests has failed (Chapter 5). 



 

vi 
 

Overall, this thesis shows that genetic diversity underpins critical life stage transition of kelp 

under thermal stress and that genotypic variation in response to extreme events may facilitate 

kelp adaptation under future climates. These results suggest that kelp restoration programs 

aimed at attaining high levels of genetic diversity are more likely to succeed and that harnessing 

intrapopulation genetic variation in thermal response may boost the resilience of populations 

to climate change. This thesis also highlights the potential in applying the green gravel 

approach not only to restore lost or declining kelp populations, but also to ‘future-proof’ 

vulnerable populations by providing a way to propagate a few strong genotypes from more 

resilient kelp populations. As global warming and climatic extremes are projected to continue 

to have major effects on kelp forests, combining genetic with ecological understanding is 

necessary to develop effective intervention strategies in order to recover these important 

ecosystems and prevent further degradation. 
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1.1 Climate change and species adaptive capacity 

Anthropogenic climate change poses significant threats to biodiversity in the 21st century 

(Dawson et al. 2011) by altering species distribution, disturbing ecosystems and increasing 

risks of extinctions (Scheffers et al. 2016). In fact, biodiversity loss and extinction risks are 

expected to accelerate with predicted future climate change (Urban 2015). As climate change 

is altering the structure and functioning of ecosystems at a pace unprecedented at any other 

time in history (Lotze & Worm 2002, Karl & Trenberth 2003, Worm et al. 2006), there is an 

urgent need to understand ecological responses to climate change, to identify potential 

vulnerability hotspots and inform conservation strategies.   

In order to cope with rapid climate change, species can shift their geographic ranges to track 

preferred climates (i.e. range shifts; Tingley et al. 2009, Burrows et al. 2011) or they can 

acclimate and/or adapt to changes in their current range (Nogués-Bravo et al. 2018, Donelson 

et al. 2019). Species adaptive capacity to climate change is manifested by plastic physiological 

responses and rapid evolution of traits more suited to new environments (Bernhardt & Leslie 

2013). Unlike evolutionary genetic change, phenotypic plasticity is an important means of 

rapid response that acts within a generation (Hoffmann & Sgrò 2011), enabling species to 

survive in a rapidly changing climate (Snell-Rood et al. 2018), and thus increasing overall 

ecological resilience (Fox et al. 2019). Additionally, different genotypes may exhibit different 

responses to environmental change (Newman 1994, Nicotra et al. 2010), which increase the 

variability of traits within a population on which selection can act (Liesner et al. 2020b).  

Understanding species susceptibility and adaptive potential to future environmental 

conditions is critical to their persistence, especially with the ever-accelerating pace of climate 

change. Temperature increase is the main cause of change in many natural systems 

(Rosenzweig et al. 2008). In the marine realm, warming temperatures have caused widespread 

mortality and shifts in species distributions, thus altering ecological communities (Wernberg 
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et al. 2011b, Poloczanska et al. 2013, Vergés et al. 2014, Pecl et al. 2017). Indeed, future 

warming is likely to result in further range shifts and local extinctions (Wernberg et al. 2011a, 

Martínez et al. 2018, Davis et al. 2021). Warming can manifest as gradual increases in average 

temperature, as well as increased frequency and severity of marine heatwaves (Hobday et al. 

2016, Holbrook et al. 2020). Extreme climatic events, such as marine heatwaves, have also 

caused declines in genetic diversity within populations (Gurgel et al. 2020), which increases 

both short- and long-term risks of extinction (Willi & Hoffmann 2009), but can also increase 

resilience to climate stressors through selection (Coleman & Wernberg 2020). Ocean warming 

and extreme events are projected to become longer, more frequent and intense (Oliver et al. 

2019), which may reduce resilience and lead to population collapse and loss of ecosystem 

services (Steneck et al. 2002, Wernberg et al. 2010, Smith et al. 2021).  

 

1.2 Habitat-forming seaweeds and climate change 

The impact of climate change on marine ecosystems is reflected most clearly on sessile species 

that form benthic habitats in their environments (Hoegh-Guldberg & Bruno 2010). Kelps are 

canopy-forming foundation species, dominating approximately 25% of the global temperate 

and polar coastlines (Schiel & Foster 2006, Bolton 2010, Steneck & Johnson 2013, Filbee-

Dexter et al. 2019). They are important primary producers, making a major contribution to 

ecological and economic values (Smale et al. 2013, Bennett et al. 2016), and providing 

structural complexity to support biodiversity and productivity of marine ecosystems (Bennett 

et al. 2016, Wernberg et al. 2019a). Kelp forests are also an important food source for many 

marine species including commercially important species, such as abalone, crab, and fish 

(Dayton et al. 1998, Steneck et al. 2002, Britton-Simmons et al. 2012, Bertocci et al. 2015).  

Climate change is causing stress in many kelp forest ecosystems globally with ocean warming 

a major cause of direct (Johnson et al. 2011, Wernberg et al. 2011a, Filbee-Dexter et al. 2016) 
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and indirect decline (Ling et al. 2009, Vergés et al. 2014). Extreme climatic events (i.e. marine 

heatwaves) have also had significant effects on underlying genetic diversity of some kelp 

populations, with widespread loss of diversity (Coleman et al. 2020a, Gurgel et al. 2020), 

potentially compromising the overall adaptive capacity of kelp populations to future ocean 

stressors. 

Laminarian kelps (order: Laminariales) exhibit a diplohaplontic, heteromorphic life cycle, 

with alternation of generations between a microscopic haploid gametophyte stage and a 

macroscopic diploid sporophyte stage (Lüning 1990). Evidence suggest that early life-history 

stages (zoospores, gametophytes and recently developed sporophytes; Figure 1.1) of kelp are 

usually more sensitive to climate change and temperature increase than the later juvenile and 

adult stages, and response thresholds are often abrupt (Fredersdorf et al. 2009, Wernberg & 

Straub 2016). Indeed, temperature responses for early life-history stages can be both species- 

and population-specific (Lüning & Neushul 1978, Oppliger et al. 2012, Mohring et al. 2014, 

Muth et al. 2019). Zoospore germination can be adversely affected by elevated temperatures, 

especially in cold-adapted species (Lee & Brinkhuis 1988, Fredersdorf et al. 2009, González et 

al. 2018), although the effects are less pronounced in species with broader thermal ranges 

(Muth et al. 2019). Similarly, gametophytes from populations at the low-latitude edge of a 

species’ range are more tolerant to high temperatures (Oppliger et al. 2012) and can 

successfully mature to the sporophyte stage under thermal stress (Hollarsmith et al. 2020). 

Parental thermal history can also impact thermal tolerance of kelp early life-history stages, 

with zoospores released during warmer months (spring and summer) producing relatively 

heat-tolerant gametophytes that have greater rates of growth and survival (Mohring et al. 

2013a, Murúa et al. 2013). 

Despite the abundance of studies on kelp early life-history stages, significantly fewer studies 

have examined their responses to marine heatwaves (only 2% of total studies on kelp 

gametophytes; Veenhof et al. 2021). Yet, such studies are important in the context of the 
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predicted increase in marine heatwave metrics (Oliver et al. 2019, Smale et al. 2019). Simulated 

marine heatwaves were found to negatively affect early life-history stages, however, recovery 

after the heatwave can occur, depending on the population (Martins et al. 2020). Indeed, the 

early life-history stages will influence recruitment success and have been identified as a 

bottleneck in the survival of kelp populations experiencing significant mortality due to 

warming and extreme climatic events (Ladah & Zertuche-González 2007).  

 

Figure 1.1 Laminariales microscopic life-history stages. When sporophytes reach reproductive 

maturity, sporogenic tissue (sori) becomes visible and sporangia begin to produce haploid zoospores. 

Zoospores settle on a suitable substratum and germinate into male or female gametophytes, fertilise 

and complete the life cycle. From their morphological characteristics, male gametophytes have smaller 

cells and filaments appear to be extensively branched compared to female gametophytes. Female 

gametophytes develop oogonia that produce eggs, whereas male gametophytes develop antheridia that 

produce sperm. The eggs release pheromones, which the motile sperm swim directly towards and 

fertilization occurs. After fertilization, the zygote develops into the new juvenile sporophyte. 
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1.3 Ecklonia radiata, a significant kelp threatened by climate change 

Along 8000 km of temperate Australian coastline, from Kalbarri in Western Australia to the 

subtropical waters of northern New South Wales, shallow rocky reefs are dominated by 

canopy-forming kelp in what is known as the ‘Great Southern Reef’ (Bennett et al. 2016). This 

interconnected temperate reef system covers an area of ~71,000 km2 and provides important 

ecological, social and economic services valued at least AU$10 billion year-1 (Bennett et al. 

2016). Across the kelp forests of the Great Southern Reef, Ecklonia radiata (order: 

Laminariales) is the dominant species, providing food and habitat to tens of thousands of 

species, many of which are endemic to this system (Bennett et al. 2016, Wernberg et al. 2019a). 

The Great Southern Reef is threatened by ocean warming with the western and south-eastern 

sections considered to be warming hotspots, warming 2-4 times faster than the global ocean 

average (Pearce & Feng 2013, Hobday & Pecl 2014). In the austral summer of 2010/11, over 

2,000 km of the western side of the Great Southern Reef was exposed to an extreme marine 

heatwave for 10 to 12 weeks (Pearce & Feng 2013, Wernberg 2021). This had extensive 

impacts, including loss of kelp forests and range contractions of E. radiata and other large 

canopy-forming seaweeds over 100 km of coastline (Smale & Wernberg 2013, Wernberg et al. 

2016). This extreme marine heatwave resulted in a shift from diverse, structurally complex 

kelp forests to less complex turf algal communities (Wernberg et al. 2013, 2016). Indeed, kelp 

forests across the Great Southern Reef are also experiencing significant declines and further 

threatened by predicted future conditions. E. radiata forests on the southern side of the Great 

Southern Reef have largely been replaced by turf algal communities, and losses have mostly 

been associated with urbanisation and declining water quality (Connell et al. 2008, Gorman & 

Connell 2009). In addition, warming of the eastern side of the Great Southern Reef has 

facilitated southern range expansions of urchins, causing widespread loss of E. radiata forests 

and shifts to barrens habitat (Kriegisch et al. 2016, Carnell & Keough 2019, Wernberg et al. 

2019a).  
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1.4 Kelp forest restoration 

Given the loss of kelp forests due to climate change and ongoing threats from climate change, 

there is an urgent need for active interventions to restore and recover degraded habitats 

(Coleman et al. 2020b). Traditional kelp restoration typically involves either assisted recovery 

or active restoration strategies (e.g. Campbell et al. 2014). Assisted recovery often includes 

removing of kelp predators (e.g. sea urchins; Ling 2008) or installing artificial substrata for 

kelp colonization (e.g. artificial reefs; Ambrose 1994, Terawaki et al. 2001, Deysher et al. 2002). 

Active restoration on the other hand includes transplanting of wild or cultured kelp into 

degraded sites (e.g. North 1976, Hernández-Carmona et al. 2000, Haraguchi et al. 2009, 

Perkol-Finkel et al. 2012, Campbell et al. 2014). While these efforts to restore kelp forests have 

shown some success, difficulties are often associated with traditional methods (Fredriksen et 

al. 2020). For example, transplantation of adult kelp is challenged by the difficulties in 

attaching of individuals into target areas and can also be labor and skill intensive, limiting 

restoration  to small scales and requiring ongoing intervention (reviewed in Fredriksen et al. 

2020, Layton et al. 2020). 

Marine restoration interventions have historically been conducted without empirical genetic 

knowledge, which could also explain the lack of success of these restoration efforts (McKay et 

al. 2005, Mijangos et al. 2015, Crouzeilles et al. 2016). Without genetic assessment, restored 

populations may lack genetic diversity or adequate adaptive capacity to current or predicted 

future environments (e.g. Williams 2001). There is also a risk of jeopardising genetic diversity 

of donor populations or their ability to recover naturally after a perturbation (Laegdsgaard 

2006). These risks are particularly exacerbated when coupled with increasing fragmentation 

and deterioration of habitats due to environmental stress. The lack of genetic assessment in 

historical restoration practices is due in part to the complex, expensive and inaccessible 

traditional genomic techniques that were used to assess population genetic diversity and 

structure (Coleman et al. 2020b). Modern genomic techniques have now made conducting 
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such genetic assessments more accessible and cost-effective (Coleman et al. 2020b), which 

promise more success in restoration efforts.  

1.4.1 Restoring into the future: Assisted evolution   

With the growing recognition of the need for restoration efforts to be adapted to climate 

change in order to be effective in the future (van Oppen et al. 2015, Coleman & Goold 2019, 

Wood et al. 2019), the term ‘assisted evolution’ is attracting research interest. Assisted 

evolution comprise multiple strategies with the aim to artificially accelerate the rate of natural 

evolutionary processes in order to enhance species resilience to future climate change (Aitken 

& Whitlock 2013, van Oppen et al. 2015, Anthony et al. 2017). One strategy is known as 

‘genetic rescue’, whereby genotypes from genetically diverse populations are moved to small, 

isolated and genetically eroded populations to ameliorate inbreeding depression and restore 

genetic diversity of fragmented populations (Whiteley et al. 2015, Ralls et al. 2020). Another 

assisted evolution strategy is ‘assisted gene flow’, whereby resilient genotypes are targeted and 

moved to vulnerable populations to increase their ability to adapt to anticipated future climate 

change (Aitken & Whitlock 2013). For example, moving genotypes from warm-adapted 

populations to cold-adapted population to increase the probability of tolerance to warming 

environments (Wood et al. 2019). Indeed, emerging genetic technologies have shown potential 

in increasing population resistance and adaptive capacity to predicted scenarios of climate 

stress (van Oppen et al. 2015, Breed et al. 2019, Coleman & Goold 2019, Rinkevich 2019). Thus, 

designing restoration strategies to ‘future proof’ vulnerable populations may confer greater 

success under future conditions (Wood et al. 2019, Coleman et al. 2020b). 

1.4.2 Emerging technologies to enhance kelp forest restoration  

With the current rates of declines and future threats to kelp forests, large-scale restoration 

strategies are needed and thus a novel kelp restoration approach called “green gravel” has been 

developed (Fredriksen et al. 2020). In this approach, substrata (i.e. small gravel) are seeded 
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with kelp propagules, reared in controlled conditions in the laboratory before out-planting to 

degraded reefs. Vast areas of seafloor can be seeded with green gravel without the need to use 

special equipment or skilled personnel. This approach has overcome many difficulties 

involved in traditional methods, thus improving restoration outcomes. More importantly, 

benefiting from the advances in genomic technologies, the green gravel approach has the 

potential to be used to design assisted evolution strategies. By seeding green gravel with 

selected or engineered genotypes,  resistant genotypes from more resilient kelp populations 

can be introduced into vulnerable reefs (Coleman et al. 2020b). Although this approach 

appears simple, working with early life-history stages of kelp is challenging because they are 

extremely sensitive to contamination (Redmond et al. 2014). Developing best practices for 

seeding and considering species-specific requirements are now needed before the emerging 

green gravel technique can be used to restore populations in degraded and threatened reefs or 

boost resilience to future change. 

 

1.5 Research aims  

In this thesis, I aim to advance the current knowledge and understanding of the ecological 

effects of thermal stress on kelp early life-history stages and their ability to persist under future 

climate, with an overarching aim to highlight the importance of both genetic and ecological 

understanding, to reliably predict kelp persistence into the future and improve restoration and 

future-proofing interventions. By focusing on early life-history stages, I aim to provide new 

insights into these key stages of kelp establishment which can potentially assist in the 

development of appropriate management plans to protect and/or recover kelp forests (Figure 

1.2).  

Broadly, I aim to: 
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• Examine the effect of genetic diversity on kelp early life-history stages responses to 

thermal stress (Chapter 3) 

• Examine kelp early life-history stages responses to thermal stress, specifically 

differently profiled marine heatwaves (Chapter 4) 

• Examine to potential for artificial substrata (i.e. green gravel) to seed reefs with kelp 

gametophytes (Chapter 5)  

 

1.6 Thesis structure 

• Chapter 2 

Before any of the above aims can be achieved, I first lay the baseline for culture experiments by 

conducting a comprehensive review of the protocols that have been used to induce kelp 

zoospore release in the laboratory and synthesise successful methodologies. In this chapter, I 

provide guidance on best practices and suggest future studies to report and standardise 

protocols in order to improve comparisons among studies.  

• Chapter 3 

Rapid climate warming and extreme events have caused changes in genetic structure of 

populations and resulted in loss of genetic diversity, inbreeding and maladaptation. As 

adaptability increases with genetic diversity, it is necessary to understand the overarching risks 

associated with climate change on genetic diversity, especially in vulnerable populations. In 

this chapter, I use controlled breeding to manipulate levels of genetic diversity to test if 

diversity can mediate impacts of thermal stress on Ecklonia radiata early life-history stages.  

• Chapter 4 

Extreme climatic events have caused devastating impacts to the marine biota globally. Since 

these extremes, including marine heatwaves, are becoming more frequent and intense, 
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understanding how kelp early life-history stages respond to differently profiled marine 

heatwaves is urgently needed. In this chapter, I test the effect of different warming profiles on 

the survival and performance of E. radiata early life-history stages. I also focus on measuring 

the intraspecific variation in responses among genotypes, as this is a critical knowledge gap for 

kelp species. 

• Chapter 5 

With ongoing habitat deterioration and climatic change, restoration and future-proofing 

vulnerable populations are currently a very active area of research. In this chapter, I build upon 

the green gravel approach and test the success of using this approach with E. radiata. This 

chapter adds new insights into optimising this tool for recovery and assisted evolution in order 

to boost the resilience of this key species and facilitate its survival under future warming 

climates. 

• Chapter 6 

To conclude, I integrate all the information gained from previous chapters into a broader 

restoration and future-proofing concept, highlighting key findings and proposing 

recommendations for future research. 
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Figure 1.2 Conceptual diagram showing how the four data chapters of this thesis (Chapters 2-5) relate to kelp forest restoration and future-proofing 

intervention 
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2.1 Abstract 

Kelps (order: Laminariales) are foundation species in temperate and arctic seas globally, but 

they are in decline in many places. Laminarian kelp have an alternation of generations and this 

poses challenges for experimental studies due to the difficulties in achieving zoospore release 

and gametophyte growth. Here we review and synthesise the protocols that have been used to 

induce zoospore release in kelps to identify commonalities and provide guidance on best 

practices. We found 171 papers, where zoospore release was induced in 4 kelp families from 

35 different ecoregions. The most commonly treated family was Laminariaceae, followed by 

Lessoniaceae and the most studied ecoregion was Central Chile, followed by the Southern 

California Bight. Zoospore release generally involved 3 steps: a pre-treatment which included 

cleaning of the reproductive tissue to eliminate epiphytic organisms, followed by desiccation 

of the tissue, and finally a post-desiccation immersion of the reproductive material in a 

seawater medium for zoospore release. Despite these commonalities, there was a high degree 

of variation in the detail within each of these steps, even among studies within genera and from 

the same ecoregions. This suggests either that zoospore release may be relatively insensitive 

across the Laminariales or that little methods optimisation has been undertaken. We suggest 

that greater attention to standardisation of protocols and reporting of methodology and 

optimisation would improve comparisons of kelp zoospore release across species and locations 

and facilitate a broader understanding of this key, but understudied life history stage.  

 

 

 

Keywords: Desiccation, Gametophytes, Kelp forests, Laminariales, Zoospore release, 

Zoospores 
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2.2 Introduction 

Kelp forests are among the most diverse and productive ecosystems in temperate and polar 

seas worldwide (Mann 1973, Steneck et al. 2002, Wernberg et al. 2019b). They provide shelter 

and habitat for many marine animals (Teagle et al. 2017), and are an important food source 

for many organisms within the kelp forests and neighbouring ecosystems (Dayton 1985, 

Krumhansl & Scheibling 2012). Kelp forests form the base of the food chain for many 

commercially important species, such as abalone, sea urchins, crab, lobster, and fish (Dayton 

et al. 1998, Steneck et al. 2002, Britton-Simmons et al. 2012, Kelly et al. 2012, Bertocci et al. 

2015, Bennett et al. 2016). They also play an important role in marine biogeochemical cycles 

through storing and regulating carbon and nitrogen (Smith 1981, Duarte et al. 2013). 

Kelp forests are under increasing threat by a range of anthropogenic stressors including kelp 

harvesting (Christie et al. 1998, Lorentsen et al. 2010), overfishing (Tegner & Dayton 2000), 

overgrazing by range-extending species such as sea urchins and fishes (Ling et al. 2009, Vergés 

et al. 2014, Bennett et al. 2015), increasing seawater temperatures (Müller et al. 2009, Raybaud 

et al. 2013, Filbee-Dexter et al. 2016, Wernberg et al. 2016) and storms (Reed et al. 2011, Filbee-

Dexter & Scheibling 2012), and decreased water quality (Airoldi 2003, Connell et al. 2008, 

Delebecq et al. 2013, Strain et al. 2014). These stressors are likely to have far-reaching 

implications for kelp forests resulting in shifts from diverse, three-dimensional kelp forests to 

structurally poor and depauperate turf-dominated communities (Filbee-Dexter & Wernberg 

2018) . Indeed, a recent global analysis of kelp forest time series >20 years found that 61% of 

the world’s kelp forests have been in decline over the past five decades as a result of one or 

more of the above mechanisms (Krumhansl et al. 2016, Wernberg et al. 2019b). Because kelp 

forests are foundation species, their loss or displacement by other species has serious 

consequences, affecting biodiversity, ecological function, biogeochemical cycling, and human 

communities.  
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Kelps have a heteromorphic diplohaplontic life cycle, with two morphologically distinct life 

stages: microscopic haploid gametophytes and macroscopic diploid sporophytes. Compared 

to the intensely studied macroscopic sporophytes, substantially fewer studies have examined 

the microscopic gametophyte and early sporophyte stages, yet these parts of the kelp life cycle 

have been identified as bottlenecks in our current understanding of the ecology of kelp 

populations (Schiel & Foster 2006). Research into the microscopic phases of the kelp life cycle 

has been firmly centred around the survival and growth of gametophytes and juvenile 

sporophytes, including the effects of varied light and temperature conditions (Novaczek 

1984c, Bolton & Levitt 1985, Fejtek et al. 2011, Mohring et al. 2014, Tatsumi & Wright 2016), 

and the influence of sediments, nutrients, and toxic contaminants (Devinny & Volse 1978, 

Amsler & Neushul 1990, Bidwell et al. 1998).  Other studies have quantified zoospore release 

density (Reed et al. 1997, Mohring et al. 2013b), zoospore swimming capability (Amsler & 

Neushul 1989), settlement and recruitment success (Reed 1990), and the effects of different 

settlement densities on survival and growth of gametophytes (Choi et al. 2005). Importantly, 

almost all of these studies have been done in the laboratory and we have little understanding 

of how such processes translate into natural settings. 

The relative scarcity of studies on microscopic gametophytes and sporophytes is, at least in 

part, due to methodological challenges, since almost any work on the microscopic stages of 

kelps requires the release of a high volume of healthy, viable kelp zoospores for subsequent 

experimentation. Throughout the global distribution of kelp and across taxa, different 

protocols have been used to achieve zoospore release. There are only few studies that examined 

kelp zoospore release in the field (e.g. Anderson & North 1966, Joska & Bolton 1987), and our 

understanding of what cues release is scant relative to other well studied seaweed taxa (e.g. 

fucoids, Pearson & Serrão 2006). Thus, translating knowledge of natural cues into laboratory 

settings to induce zoospore release has not been possible to date. This review aims to identify 

and synthesise successful methodologies that have been used to induce zoospore release in 



 

17 

 

order to provide guidance on best practices. In doing so we hope to promote optimisation and 

a more unified approach, and increase the comparability across studies on zoospores and 

microscopic stages of kelps. 

 

2.3 Methods 

Here we focused on Laminarian kelp (species within the order Laminariales). We searched the 

ISI databases (Web of Science, Current Contents, and One Search university catalogue) for 

peer-reviewed papers using various combinations of ‘kelp’, ‘Laminariales’, ‘spores’, 

‘gametophytes’, and ‘sporulation’. All papers returned were examined and further literature 

was found by back-tracking from their reference lists. We stopped searching on February 15, 

2018, to allow a definitive analysis. Overall, we located 171 papers where kelp zoospore release 

had been induced in the laboratory. From each paper we extracted information on the species 

studied, geographic location (GPS position) and ecoregion, collection date, sea surface 

temperature, aim of the research, and details concerning the protocol used to induce zoospore 

release. Details on all papers and data extracted are freely available on Dryad (see data 

availability statement) and appendix A. Where position was not reported in the study, 

approximate GPS coordinates were estimated using Google Earth. Studies were assigned to 

ecoregions, provinces, and realms corresponding to Spalding et al. (2007)’s “Marine 

Ecoregions of the World”. Where sufficient information was available (i.e. time of collection 

and geographic location), monthly NOAA Optimum Interpolation (OI) sea surface 

temperature (SST) version 2 dataset (downloaded from http://www.esrl.noaa.gov/psd/) was 

used to obtain SST data. This product contains data from December 1981 to present. Many 

papers reported on multiple species, and in this synthesis, we treat each genus as a separate 

study. All nomenclature was updated to report most recent names according to AlgaeBase 

(Guiry & Guiry 2018). In the analyses, where time was expressed as “overnight”, a 12 hour 
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period was designated. Also, to be consistent, the terms “wiped”, “blotted” and “dried” were 

grouped under the term wiped, and “washed” and “rinsed” were grouped under rinsed.   

 

2.4 Results 

2.4.1 Research questions, taxa and regions 

A total of 421 studies were extracted from the 171 papers (raw data provided in appendix A 

and on Dryad; see data availability statement). The vast majority (77%) were ecological studies 

evaluating growth, survival, and mortality of zoospores, gametophytes, or microscopic 

sporophytes under different experimental conditions (Figure 2.1 a). The remaining studies 

included aquaculture (9%), hybridization (8%), and ecotoxicology (6%) studies. 

The 421 zoospore release studies encompassed 4 families and 18 of the 33 existing kelp genera 

(Bolton 2010; Figure 2.1 b, c). The most commonly studied family was the Laminariaceae 

(57%), where half (116 studies) were on the genus Macrocystis. Furthermore, 26% of the 

studies were on species from the family Lessoniaceae, including Lessonia spp. (72 studies), 

Ecklonia spp. (35), and Egregia spp. (2). Only 1% (6 studies) out of the total studies were on 

species from the Agaraceae family.  

Nine papers were excluded from the evaluation of geographical patterns in the zoospore 

release studies, as GPS information could not be identified (cf raw data provided in appendix 

A and on Dryad; see data availability statement). The remaining 162 papers represented 

studies from 35 of the 99 global ecoregions where kelps exist (Krumhansl et al. 2016; Figure 

2.2), and were, not surprisingly, dominated by temperate ecoregions (91%). The remaining 

studies were on species from the Arctic and were focused in 2 locations in the western side of 

the North and East Barents Sea. The highest number of studies were conducted in Central 

Chile (18%), followed by the Southern California Bight (17%). Of all studied ecoregions, 69% 

had less than 10 studies each. 
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Figure 2.1 Characteristics of artificial zoospore extraction studies (171 papers, 421 studies). 

Classification of studies according to (a) the research question addressed; (b) the family studied; and 

(c) the genera studied. All papers and their classifications can be found in the raw data provided in 

appendix A and on Dryad; see data availability statement 
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Figure 2.2 Global distribution of zoospore extraction based experiments. Ecoregions are coloured 

based on the number of studies conducted and grey shading indicates ecoregions where kelps are 

present but for which no data were available. Black dots show the exact geographical location of the 

sites used for the collection of kelp tissue 

 

2.4.2 Zoospore release protocols: pre-treatment, desiccation and immersion 

There was a high degree of variation across studies in the protocols used to induce zoospore 

release and rarely was there biological justification for protocols. Nevertheless, zoospore 

release generally involved 3 major steps: (1) a pre-treatment involving brushing, washing and 

cleaning of the reproductive tissue to eliminate epiphytic diatoms, (2) desiccation of the tissue 

for a period of time, and (3) a post-desiccation immersion of the reproductive material in a 

seawater medium for final zoospore release. 

A range of pre-treatment protocols were reported (Figure 2.3 a). Many studies wiped clean the 

reproductive tissue with cotton towels, paper towels, or tissue paper (22%), while some rinsed 
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it in seawater (16%), fresh water (12%), or a combination of both (8%). Moreover, 24% of the 

studies used a combination of wiping and rinsing of the reproductive material. Only 1% of the 

studies explicitly reported no pre-treatment of the reproductive tissue, however 17% either did 

not pre-treat the tissue, or did not include this information in their methods. In some 

instances, chemicals such as iodine, bleach, chlorine and ethanol were used during the pre-

treatment process (9%, 39 studies). Two studies exposed the fertile tissue to ultrasound for 20 

seconds before rinsing with filtered seawater. 

After pre-treatment, most studies (81%) desiccated the reproductive tissue in order to induce 

kelp zoospore release. A range of different drying environments were used during desiccation 

(Figure 2.3 b) but the most common were wrapping in moist paper towels (24%), followed by 

air drying (21%). The temperature at which the reproductive material was desiccated also 

varied (Figure 2.4 a). For individual studies, desiccation temperatures ranged from 0° C to 20-

23° C. The most commonly used desiccation temperatures were between 9° C and 17° C (41%). 

Moreover, 30% of the studies either did not state the desiccation temperature used or included 

the term ‘room temperature’ without specifying the actual temperature at which thalli were 

allowed to air-dry.  

Desiccation times ranged from less than 15 minutes to up to 48 hours. More than half (59%) 

of the total studies desiccated the tissue for > 3 hours (Figure 2.4 b) and the most common 

period used was 12 hours (38%). For studies that desiccated the tissue for less than 3 hours, 1 

hour was the most common period (19%). Approximately 37% of the studies desiccated the 

reproductive tissues in total darkness but the majority (60%) did not specify light conditions 

during desiccation (Figure 2.4 c).  
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Figure 2.3 Zoospore release protocol: (a) pre-treatment method where W, wiped clean and dried; 

SW/R, seawater rinse; FW/R, fresh water rinse; FW/SW R, fresh water and seawater rinse; R/W, rinsed 

and wiped; No, no pre-treatment; N/A, no data available; (b) desiccation environments where No, no 

desiccation treatment; N/A, no data available; and (c) post-desiccation immersion media where FSS, 

filtered-sterilised seawater; PES, Provasoli enriched seawater; US, unfiltered seawater; UAS, 

unenriched artificial seawater; TS, Tyndallised seawater. Colours refer to the families studied 
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Figure 2.4 Zoospore release desiccation treatment: (a) temperature; (b) period (hours); and (c) light 

conditions. Colours refer to the families studied    

 

Once drying time had elapsed, the reproductive tissues were submerged in a variety of culture 

media (Figure 2.3 c); including filtered-sterilised (72%), Provasoli-enriched (14%), unfiltered 

(8%), unenriched artificial (2%), and Tyndallised (1%) seawater. Three studies (1%) agitated 

the fertile tissue in a copper medium and 4 studies (1%) added the tissue to a modified f/2 
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culture medium. Temperatures during submergence ranged from 0° C to 25° C, with the most 

commonly used temperatures between 9°C and 17°C (46%, Figure 2.5 a). 

Furthermore, 54% of the studies did not report the post-desiccation period used, whereas 35% 

immersed the tissue for a short period of time ≤ 3 hours (Figure 2.5 b), most commonly 1 hour 

(16%). Only 27% specified the light conditions during the post-desiccation period, and 

conditions ranged from ambient light (7%) to total darkness (8%).  

 

Figure 2.5 Zoospore release post-desiccation immersion: (a) temperature; and (b) period (hours). 

Colours refer to the families studied 
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Correlations between desiccation/immersion temperatures and ambient seawater temperature 

were possible to perform on 56% of the total studies. The remaining studies lacked sufficient 

information (i.e. time of collection or geographic location). Of all studies, 24% desiccated the 

tissue at temperatures similar to what they would have been subjected to in the field, and 20% 

submerged the tissue at temperatures similar to ambient seawater temperature in the region. 

Only 5% selected both desiccation and immersion temperatures to represent in situ sea 

temperatures. The remaining 51% either desiccated/immersed the tissue at temperatures not 

representative of ambient seawater temperature, did not report both temperatures used, or 

used the term room temperature without specifying the actual temperature.   

A total of 166 studies (39%) adopted their methods from previous studies with minor 

modifications. Only 1 study mentioned any prior assessment of their zoospore release protocol 

in terms of consequences for quantity or health of the released zoospores. 

 

2.5 Discussion 

Knowledge of the processes that influence the gametophyte and microscopic sporophyte 

stages of kelp is vital to understanding and predicting kelp responses to changing 

environmental conditions, but is hindered by the challenges involved in studying the early life 

stages. Zoospore release is a critical first step in the life cycle of kelps, and a prerequisite for 

culturing and studying their microscopic life stages. Our literature review revealed over 421 

studies that utilised zoospore release protocols, with a strong bias towards ecological 

experiments testing zoospore and gametophyte performance under a range of environmental 

conditions (cf raw data provided in appendix A and on Dryad; see data availability statement) 

including temperature (Matson & Edwards 2007, Mabin et al. 2013, Mohring et al. 2014), UV 

radiation (Han & Kain 1992, Huovinen et al. 2000), and sedimentation (Deiman et al. 2012, 

Geange et al. 2014). This focus can likely be attributed to an interest in understanding the 
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growing impacts of human activities on kelp forests. With such a burgeoning interest and 

pressing need for information on kelp response to environmental change, standardising and 

optimising methodologies so that studies are comparable and not influenced by 

methodological artefacts, would bring strong benefits in terms of synthesising and interpreting 

the collective knowledge. 

Despite the abundance of studies that reported zoospore release protocols, there were only 

broad commonalities among methodologies with some general similarities in the sequence of 

events used to induce zoospore release. Most studies generally followed the same 

methodological framework with (1) pre-treatment to remove epiphytes, (2) a period of 

desiccation, and (3) submergence in seawater or media. This general protocol is likely 

reflective of either the biological basis for zoospore release in nature or based on methodology 

for other taxa. For example, fucoid algae have a long history of experimental life-history study 

and techniques for gamete release have a strong biological basis (see review by Pearson & 

Serrão 2006) that are somewhat similar to the general protocols for kelps.  Relative to fucoids 

with their simple life histories, there are substantially greater difficulties involved in measuring 

kelp zoospore release and subsequent gametophyte processes in situ. A study that examined 

kelp zoospore release in the field found that zoospore extraction can be induced in the 

laboratory, but at the same time release will not occur naturally in situ (Joska & Bolton 1987). 

This likely means that experimental zoospore release protocols are more reflective of trial and 

error than a sound biological basis. It is perhaps not surprising then that only one study 

(McConnico & Foster 2005) optimised methodology and provided an explicit rationale for 

their choice of protocol. In this study, treatments were developed through testing to optimise 

the abundance of the released zoospores (McConnico & Foster 2005). This study demonstrates 

that choice of zoospore release protocol can have substantial impacts on the abundance or 

subsequent viability of zoospores and their performance in experimental treatments, and 

highlights the need for methodological optimisation and standardisation. 
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Within the general framework described above, there was substantial variation in the details 

of methods for zoospore release. This variation may be due to the fact that different taxa may 

have different cues for release. Some may involve desiccation time (e.g. intertidal species such 

as Postelsia), or require specific light conditions for periods of photosynthesis prior to release 

(see review by Pearson & Serrão 2006 for fucoids). However, there is scant information in the 

literature about the natural reproductive cues for different species to compare in situ natural 

zoospore release to lab release cues and protocols. Moreover, the variation in methodologies 

could be partly driven by the fact that the majority of taxa were studied in only one or a few 

temperate ecoregions, reflecting both the concentration of marine laboratories and researcher 

interests as well as the dominance and diversity of kelps in these regions (Bolton 2010). Only 

a few taxa were studied across the full or major extent of their geographical range, but even in 

these cases there was no methodological standardisation. For example, the genus Laminaria 

has been investigated across most of its geographical range, including studies from Northern 

California (Lewis et al. 2013), Southern California Bight (Amsler & Neushul 1991, Graham 

1999), North Sea (Bartsch et al. 2013), Celtic Seas (Han & Kain 1992), South European Atlantic 

Shelf (Izquierdo et al. 2002), Southern Norway (Kain & Jones 1969), and the Yellow Sea (Li et 

al. 1999). However, despite the abundance of studies on this genus, the methods applied to 

release zoospores still differed substantially across these studies. Amsler & Neushul (1991), for 

example, wiped the reproductive tissue with cotton towels, desiccated for one hour and finally 

immersed in unenriched artificial seawater, whereas Izquierdo et al. (2002) used a 

combination of wiping and rinsing of the tissue with filtered seawater, desiccation overnight 

and immersion in Provasoli enriched seawater. The genus Ecklonia has also been studied 

across most of its geographical range (e.g. Jennings 1967, Novaczek 1984b, Bolton & Levitt 

1985, Graham 1999, Akita et al. 2014, Mohring et al. 2014), but substantial differences in the 

protocols used to induce zoospore release were present in these studies (cf raw data provided 

in appendix A and on Dryad; see data availability statement). These variation of methods 
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within genera highlights both the inconsistencies in methodology as well as the apparent 

insensitivity of kelps to environmental conditions to cue zoospore release.   

During the pre-treatment phase, different methods were used to clean the reproductive tissue 

from fouling organisms. If harsh chemicals or medicinal treatments were used in pre-

treatments, e.g. bleach (Morelissen et al. 2013), iodine (Fox & Swanson 2007, Augyte et al. 

2018, Varela et al. 2018), chlorine (Camus & Buschmann 2017), or ethanol (Nelson 2005), they 

were most likely an attempt to prevent contamination of the zoospore cultures by other algae 

or bacteria. No studies evaluated how this pre-treatment may have influenced zoospore 

viability or subsequent gametophytes, nor the effectiveness of these treatments for their 

intended purpose. Similarly, desiccation treatments varied greatly, with drying times ranging 

from less than 15 minutes, to more than two days. It is likely that desiccation is designed to 

apply an osmotic shock to induce zoospore expulsion and that desiccation times are somewhat 

arbitrary or based on practicalities (e.g. travel time from the field to the laboratory). However, 

excessive desiccation appears to have a negative effect on spore release and could therefore 

reduce the likelihood of successful germination of zoospores (Fonck et al. 1998). Again, no 

studies evaluated the influence different desiccation times on zoospore viability or subsequent 

gametophyte performance.  

Immersion media during the post-desiccation phase also varied greatly among studies and 

may have been driven by the need to maximise sterile cultures or optimise nutrient availability 

etc., however, the use of media was rarely justified. In most cases, sterile, filtered seawater was 

used. It is probable that in many instances choice of media was driven by availability of fresh, 

sterile seawater, or cost involved in making or purchasing artificial media. In some cases, the 

logic underlying the choice of media was related to the actual experiment performed. For 

example, kelp zoospores or gametophytes used for ecotoxicological tests involved a final step 

of submerging the tissue in test solutions over a range of copper concentrations (Brinkhuis & 

Chung 1986, Chung & Brinkhuis 1986, Contreras et al. 2007). In other cases, studies performed 
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to test the effect of ocean acidification on kelp meiospore development submerged the tissue 

in filtered seawater with different pH treatments (Leal et al. 2017a, b). Regardless, immersion 

media are likely to be of less importance than other factors (such as temperature, desiccation 

time etc.) in determining subsequent zoospore viability and performance. 

Although seawater temperature plays a crucial role in the reproduction of Laminariales 

(Lüning 1980), desiccation/immersion temperatures might not actually be representative of 

ambient seawater temperature in the region. It is likely that spore release is mechanically 

driven by osmotic/hydrostatic shock and that temperature is not very important. The choice 

of temperature range could also be based on practicalities (e.g. desiccate and submerge at room 

temperature). 

It was surprising that given the number of studies involving the experimental release of kelp 

zoospores, few studies have published any attempts to quantify the influence of methodology 

on the resulting zoospore concentration, zoospore viability and gametophyte performance. 

The exception is Fonck et al. (1998), who tested the effects of different types of pre-rinse, 

desiccation periods, and post-desiccation temperatures on sporulation, germination, and 

gametophyte survival for two species Lessonia nigrescens and L. trabeculata. This study found 

that the type of water used during the pre-treatment could affect zoospore germination and 

survival. It also found negative effects with long desiccation periods, and positive effects with 

low post-desiccation temperature on sporulation. The findings of this study demonstrated the 

importance of testing the handling protocols, and suggested that the relationship between 

zoospore release density and zoospore viability is complex, warranting further study. Although 

this study is one of the most thorough, only three subsequent  papers cited it as rationale for 

their methods (Edding & Tala 2003, Tala et al. 2004, Véliz et al. 2006) suggesting little critical 

evaluation of methodology across the literature. It should also be noted that very few studies 

have reported on the success of zoospore release at all (i.e. resulting zoospore densities). Lack 



 

30 

 

of this information precludes assessments of the relative fecundity across species and 

environments.  

 

2.6 Conclusion and recommendations 

In this review, we aimed to provide guidance on best practice for Laminarian kelp zoospore 

extraction and review the range of successful methodologies that have been used for different 

taxa. This review revealed some similarities, but more often, substantial differences in the 

protocols used to induce zoospore release, and these could have implications for subsequent 

experimental results. We recommend that researchers optimise zoospore release protocols for 

their species to achieve an understanding of how methodology may bias subsequent 

experimental results (by affecting zoospore viability) but also to facilitate comparisons among 

studies, regions and taxa. We also recommend that at a minimum, achieved zoospore release 

densities are reported to aid comparisons among studies. This review has highlighted a need 

to standardise practices to ensure that future studies achieve optimum zoospore release. This 

would strengthen and facilitate comparisons of results and zoospore release densities 

(fecundity) across different taxa and biogeographic regions. 
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3.1 Abstract 

Climate change is severely impacting species and ecosystems, and the role of genetic diversity 

in underpinning species responses under stress remains poorly understood. This knowledge 

gap is critical particularly for foundation species, where climate change impacts can cascade 

across entire ecosystems. Using controlled breeding experiments, we manipulated levels of 

genetic diversity (GD) of the dominant Australian kelp, Ecklonia radiata (low GD: 1 parent, 

intermediate GD: 4 parents, and high GD: 12 parents) and tested the responses of the early life 

stages to 5 different temperatures (20°C, 22°C, 24°C, 26°C and 28°C). There were strong 

responses to temperature across all levels of GD with significant declines in E. radiata 

gametophyte survival and suppressed growth at our extreme temperature treatment (28°C). 

Genetic diversity did not affect the temperature responses of gametophyte survival or growth. 

However, female gametophyte fertility (i.e. sporophyte recruitment) was significantly reduced 

in the low GD treatment. Interestingly, when temperature exceeded reproductive thresholds, 

sporophyte recruitment was arrested regardless of genetic diversity level. Our results revealed 

that critical life stage transitions in the microscopic phase of E. radiata are temperature 

sensitive and influenced by genetic diversity. This study provides insight into how temperature 

and genetic diversity may affect the resilience of kelp forests. Understanding these 

relationships is critical in order to assess vulnerability of marginal and isolated populations to 

future climate change. 

 

 

 

Keywords: Climate change, Gametophyte, Genetic diversity, Inbreeding depression, Kelp, 

Ocean warming, Sporophyte 
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3.2 Introduction 

Climate change is severely impacting ecosystems globally (Pecl et al. 2017, Harris et al. 2018). 

While fluctuating climatic conditions are often tolerable to marine organisms at moderate 

levels, recent climate changes have exceeded species tolerances resulting in mortality, rapid 

range shifts, local extinction and reshaping of marine communities (Pecl et al. 2017, Smale et 

al. 2019, Hastings et al. 2020). Emerging evidence also suggest that these climate-mediated 

changes have a strong genetic imprint (Coleman et al. 2020a, Gurgel et al. 2020) fundamentally 

altering species’ adaptive capacities (Coleman & Wernberg 2020). Thus, with ocean warming 

and extreme climatic perturbations predicted to become longer, more frequent and intense 

over the twenty-first century (Oliver et al. 2019, IPCC 2022), knowledge of factors that 

influence species vulnerability and adaptive potential to climatic stressors is crucial in 

forecasting their responses to future change.  

Genetic diversity is the amount of genetic variability within a population, which provides the 

basis for adaptation and evolution, and is thus the foundation of biodiversity (May 1994, 

Hughes et al. 2008). High genetic diversity has previously been reported to boost productivity, 

resource utilization, nutrient uptake and stability of marine ecosystems (Sjöqvist & Kremp 

2016), with studies showing enhanced productivity in mixtures of genotypes compared to 

monocultures (e.g. Bell 1991). However, less information is known about the links between 

genetic diversity and ecosystem functions under stress, especially for marine ecosystems (but 

see Hughes & Stachowicz 2004, Reusch et al. 2005, Wernberg et al. 2018). Unravelling the role 

of genetic diversity in mediating the long-term consequences of climate change on species 

adaptability is critical. Higher genetic diversity generally enables populations to withstand 

climatic perturbations more effectively than less diverse populations (Hughes & Stachowicz 

2004, Sjöqvist & Kremp 2016) by providing a wider potential for adaptive responses. This in 

turn increases the probability that a population can survive through an external disturbance 

(Hughes & Stachowicz 2004, Reusch et al. 2005, Wernberg et al. 2018). Studies from the 
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seagrass Zostera marina have shown that increase in genotypic diversity enhances the 

community resistance to disturbance (grazing and global warming) by reducing the time 

required for recovery (Hughes & Stachowicz 2004, Ehlers et al. 2008). Similar results were also 

observed from studies on kelp forests, which showed resilience to disturbances (marine 

heatwaves) in kelp populations with higher genetic diversity (e.g. Wernberg et al. 2018). While 

low genetic diversity may limit a populations’ ability to respond to stress (Wernberg et al. 

2018), it can also increase species tolerance to climate stressors if low diversity has arisen via 

earlier selection and adaptation to the stressor (Coleman & Wernberg 2020, 2021, Vranken et 

al. 2021). Evidence suggests that extreme climatic perturbations can significantly reduce 

genetic diversity via selection (Gurgel et al. 2020) and can change underlying genetic structure 

and putative thermal tolerance of a population (Wernberg et al. 2018, Coleman & Wernberg 

2020). Under anticipated climate warming and extreme events, directional selection may 

result in a greater proportion of climatic stress-resistant genotypes within populations, 

imparting rapid adaptation to climate stressors (Coleman & Wernberg 2020, 2021). 

Kelps (large brown macroalgae, predominantly of the order Laminariales) are foundation 

species in temperate and polar seas worldwide (Teagle et al. 2017, Wernberg et al. 2019b) and 

are among the most diverse and productive ecosystems on Earth (Steneck et al. 2002). Yet kelp 

forests have undergone global declines (Suzuki et al. 2008, Johnson et al. 2011, Díez et al. 2012, 

Moy & Christie 2012, Wernberg et al. 2016, Filbee-Dexter & Wernberg 2018, Wernberg et al. 

2019b), many of which have been linked to warming seawater temperatures, either directly 

(Johnson et al. 2011, Wernberg et al. 2011a, Filbee-Dexter et al. 2016) or indirectly (Ling et al. 

2009, Vergés et al. 2014). Further, emerging studies have reported that extreme climatic events 

(i.e. marine heatwaves) have reduced genetic diversity of some kelp populations and changed 

genetic structure and adaptive capacity (Coleman et al. 2020a, Gurgel et al. 2020). Moreover, 

a higher standing genetic diversity within kelp populations has been shown to be linked to 

greater physiological versatility, resilience to canopy loss and ecosystem impact following 
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climate stressors (Wernberg et al. 2018). This has important implications for marine 

ecosystems because loss of genetic diversity can potentially undermine the overall adaptive 

capacity to multiple future stressors. 

Here, we experimentally manipulated genetic diversity (GD) of kelp gametophytes of known 

genotype through controlled breeding of Australia’s dominant kelp, Ecklonia radiata 

(Wernberg et al. 2019a) to investigate the relationship between genetic diversity and 

temperature resilience. In line with field observations (Wernberg et al. 2018), we predicted that 

high diversity would confer greater tolerance to high temperatures and low diversity would 

show reduced tolerance.  

 

3.3 Methods 

3.3.1 The life cycle of Ecklonia radiata 

The kelp Ecklonia radiata (Laminariales) has a biphasic heteromorphic life cycle, which 

alternates between the microscopic haploid (n) gametophyte phase and the macroscopic 

diploid (2n) sporophyte phase (Fritsch 1942, Wernberg et al. 2019a). For the persistence of a 

species with this type of life history, every stage must be capable of surviving and reproducing 

in the environmental conditions they exist in (Russell et al. 2012). E. radiata develops haploid 

zoospores in sori within the tissue of the main lamina and basal part of the laterals, which are 

released when sporophytes are reproductively mature. Zoospores then settle and germinate 

into male and female gametophytes. Female gametophytes develop oogonia that produce eggs, 

whereas male gametophytes develop antheridia that produce sperm. The sperm are released 

and disperse towards the female gametophytes bearing fertile oogonia, aided by pheromone-

induced positive chemotaxis. The eggs are then fertilised within the oogonia and develop into 

juvenile sporophytes (Wernberg et al. 2019a). Thus, the microscopic life stages of E. radiata 

include: (1) settled zoospore, (2) germinated zoospore (formation of germ tube), (3) male 
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gametophyte, (4) female gametophyte, (5) reproductive male gametophyte, i.e. bearing 

antheridia, (6) reproductive female gametophyte, i.e. bearing oogonia, and (7) fertilised female 

gametophyte, i.e. bearing microscopic sporophyte. 

3.3.2 Experimental design and zoospore extraction 

Mature sporophytes of E. radiata (n = 60) were collected haphazardly from a mid-range 

population (Point Peron, Rockingham, Western Australia; 32°16’27”S, 115°41’14”E) in 

March 2019. This region has genetically diverse E. radiata populations and is known to be at 

the junction of putatively warm and cool adapted genetic clusters (Coleman et al. 2020a) and 

individuals used in this experiment are likely to contain a mix of alleles representative of each 

cluster. Thalli were collected haphazardly by SCUBA diver, cutting the stipe just above the 

holdfast, and then transported to the laboratory in damp calico bags, kept inside insulated cool 

boxes until processing (< 6 hours). In the laboratory, 51 separate thalli that had clear sorus 

tissue were selected for zoospore extraction. Tissue samples were also stored for later DNA 

extraction and microsatellite genotyping in 2 loci known to be characteristic of ‘warm’ and 

‘cool’ genetic clusters (Coleman et al. 2020a). Following the recommendations of Alsuwaiyan 

et al. (2019), the methods used to induce zoospore release in this study were developed after 

many prior experimental trials to optimise a protocol for E. radiata that results in less 

contamination issues while being practical and manageable. Briefly, sorus tissue was cut into 

manageable strips, scraped gently with the edge of a clean razor blade, and briefly sterilised in 

a diluted iodine solution for ~ 30 seconds to eliminate surface epiphytes. Sori were then 

vigorously rinsed with 0.2 µm filtered-autoclaved seawater and wiped with clean tissue paper. 

After cleaning, sori were allowed to undergo a gentle desiccation period by wrapping the sorus 

strips in moist tissue paper, placing in labelled plastic ziplock bags and storing in the dark for 

18 hours at 10°C. After the desiccation period, zoospores were released by immersing the sorus 

tissue in 0.2 µm filtered-autoclaved seawater cooled to 10°C. Strips of sori from every 

individual were placed into separate sterile beakers and covered with 100 mL of seawater. 
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Zoospore density was checked every 30 minutes under a microscope with a Neubauer 

haemocytometer. The required density was achieved within 6 hours (zoospore cell density of 

3000–5000 cells mL-1) and sori were then withdrawn from all beakers.  

To test the hypothesis that high diversity would confer greater tolerance to high temperatures  

and low diversity would show reduced tolerance, we used a partially nested, 3-factor 

experimental design that combined temperature, genetic diversity (GD) level and lineage. 

Zoospore suspensions were mixed in equal number of zoospore to create 1 of 3 different GD 

levels: (1) low GD with 1 parent thallus, (2) intermediate GD with 4 parent thalli, and (3) high 

GD with 12 parent thalli. Every parent thallus was only used once. The low GD level was 

representative of self-fertilization (i.e. mating between male and female gametophytes 

produced by the same individual), whereas the intermediate and high GD levels were 

representative of cross-fertilization. Self-fertilization in kelp occurs in nature because sperm 

are attracted to eggs via pheromones that are only effective over small distances (Reed 1990, 

Maier et al. 2001). There were 3 replicate lineages nested within each GD level, all created by 

releasing zoospores from independent adult plants (i.e. no adult plant was used in more than 

1 treatment). Approximately 30 mL of  the mixed zoospore suspension from every lineage was 

poured into labelled Petri dishes (60 × 15 mm) and left undisturbed in the dark at 18°C for 18 

hours to allow the zoospores to settle. There were 3 replicate Petri dishes per lineage for each 

temperature treatment. After the settlement period, zoospore suspension in Petri dishes was 

renewed with 0.2 µm filtered-autoclaved Provasoli enriched seawater (PES; Provasoli 1968) 

and dishes were incubated in 5 culturing chambers set to 20°C, 22°C, 24°C, 26°C and 28°C, 12 

hour light:12 hour dark, 30-70 µmol photons m-2 s-1 with light levels increased by 10 µmol 

photons m-2 s-1 every week to provide light requirements for each life-history stage. 

Temperatures of 20°C, 22°C and 24°C reflect sea surface temperatures (SST) along the Western 

Australian coastline within E. radiata distribution range (Coleman et al. 2020a). The extreme 

26°C and 28°C reflect temperatures reached during the 2011 marine heatwave along the 
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Western Australian coastline (Pearce & Feng 2013). Culture medium was changed once a 

week, and germanium dioxide (GeO2) was added to the medium to prevent diatom 

contamination (Lewin 1966, Shea & Chopin 2007). Cultures were kept under these conditions 

for 5 weeks.  

3.3.3 Measurements  

Prior to initiating the temperature treatments, Petri dishes were examined under a microscope, 

and 6 random fields of view (0.35 x 0.26 mm) photographed. Zoospore settlement density and 

size for each GD level were estimated on Day 1 from 9 haphazardly selected Petri dishes (n = 

3 from every lineage).  Petri dishes were then observed and photographed on Days 7, 21 and 

35 of culture. From the photographic images, zoospore germination success, gametophyte 

survivorship, gametophyte sex ratio (Female:Male), female fertility and size of both 

gametophytes and sporophytes were quantified. Germination success was estimated by 

counting the number of germinated zoospores on Day 7 over the total number of settled 

zoospores on Day 1. Gametophyte survival was estimated on Day 21 by counting the number 

of viable gametophytes over the initial density on Day 7. The presence of plastids with brown 

pigmentation was used to determine the viability of gametophytic cells (Visch et al. 2019). Sex 

ratio was estimated on Day 21 and expressed as the frequency of female gametophytes, that is, 

females ⁄ (females + males). Female fertility was estimated on Day 35 and expressed as the 

percentage of female gametophyte fragments with sporophytes over the total number of 

observed female gametophytes (Lee & Brinkhuis 1986). Finally, the size of gametophytes (i.e. 

maximum branch length) and sporophytes (i.e. maximum thallus length) was estimated on 

Day 21 and 35 respectively from 6 gametophytes and 3 sporophytes selected at random from 

every replicate dish using ImageJ software. 
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3.3.4 Statistical analysis 

Data were analysed using a partially nested permutational analysis of variance 

(PERMANOVA) module within Primer 6 software (Anderson 2001). Initial zoospore 

settlement density and size were evaluated under a 2-factor design, with GD level as a fixed 

factor, and lineage as a random factor nested within GD level. All other response variables were 

evaluated under a 3-factor design, with temperature and GD level as fixed factors, and lineage 

as a random factor nested within GD level. All analyses were performed with Euclidian 

distances and 9999 permutations. When the number of unique permutation values was less 

than 999, Monte-Carlo P-values were used (Anderson et al. 2008). Due to impaired 

gametophyte development at 28°C, it was not possible to identify female and male 

gametophytes from their morphological characteristics, therefore, this temperature treatment 

was excluded from sex ratio analysis. Additionally, 26°C and 28°C treatments were excluded 

from tests of female fertility rate and sporophyte size analysis, as no sporophyte formation was 

evident in all three GD levels at these 2 temperature treatments. PERMANOVA tests were 

followed by pair-wise comparisons to explore differences between treatments whenever a 

significant main effect or interaction was found. 

 

3.4 Results 

Genetic analysis largely confirmed the diversity treatments with average allele diversity (n = 2 

loci) being 2.3 for the low treatment, 4.7 for the intermediate treatment and 6 for the high 

diversity treatment.  

3.4.1 Initial settlement densities 

The initial densities of zoospores settling onto Petri dishes (ranging between 40 mm-2 and 85 

mm-2) differed significantly among GD levels (Figure 3.1 A and Table 3.1). Settlement densities 

at the low and intermediate GD levels were ~ 50% lower than at the high GD level, but between 
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the low and intermediate levels, differences were not significant (Figure 3.1 A). Moreover, the 

initial size of zoospores ranged from 16 µm to 22 µm and differed significantly among GD 

levels (Figure 3.1 B and Table 3.1). Zoospores were significantly smaller at the low GD 

compared to the high GD treatment, but size at the intermediate GD did not differ significantly 

from both low and high GD levels (Figure 3.1 B). 

 

Figure 3.1 Ecklonia radiata. (A) settlement density; and (B) size of zoospores on experimental dishes 

after 18 hour settlement period and prior to initiation of the temperature treatments. Bars show mean 

± SE (n = 9). Different lowercase letters indicate significant differences among genetic diversity (GD) 

levels. For full statistical report, see Table 3.1  
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Table 3.1 . Results of the 2-factors partially nested PERMANOVA testing the effects of GD level and 
lineage (within GD level) on Ecklonia radiata zoospore settlement density and size (Euclidian 
distances, 9999 permutations, significant results (p < 0.05) are highlighted in bold) 

Source of variation df MS Pseudo-F P-value 

Zoospore settlement 
density 

GD level 2 10149 6.3854 0.030 
Lineage (GD level) 6 1589.4 16.117 <0.001 
Residual 18 98.616   

Zoospore size GD level 2 51.279 5.6193 0.043 
Lineage (GD level) 6 9.1255 3.3522 0.017 
Residual 18 2.7222 

  

 

3.4.2 Germination and gametophyte growth 

Zoospore germination success (ranging between 57% and 93%) differed significantly with 

temperature, but there were no effects of GD level or interactions between factors (Figure 3.2 

and Table 3.2). A significantly higher percentage of zoospores germinated at 22°C than those 

at all other temperature treatments, whereas at 20°C, germination was only statistically higher 

than at 28°C. There were, however, no differences in germination success among 24°C, 26°C 

and 28°C (Figure 3.2). 
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Figure 3.2 Effects of temperature and genetic diversity (GD level) on zoospore germination success of 

Ecklonia radiata after 7 days. Data represent mean ± SE (n = 9). Different lowercase letters indicate 

significant differences among temperature treatments. For full statistical report, see Table 3.2 

 

Similarly, gametophyte survival rate varied significantly with temperature, but not GD level 

(Figure 3.3 A and Table 3.2). Gametophyte survival was significantly greater at 20°C - 26°C 

compared to 28°C (Figure 3.3 A). Gametophyte branch length ranged from 65 µm to 390 µm 

and differed significantly due to temperature (Figure 3.3 B and Table 3.2). Gametophytes were 

significantly longer at 20°C and 22°C compared to all other temperature treatments and length 

decreased significantly with increasing temperatures with the smallest gametophytes observed 

at 28°C (Figure 3.3 B). For all measured traits, variation in response to temperature was no 

different in the low diversity treatments than either the intermediate or high diversity 

treatments. Additionally, female to male ratio was not significantly different among GD levels 

nor the temperature treatments (Figure 3.3 C and Table 3.2).   
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Figure 3.3 Effects of temperature and genetic diversity (GD level) on gametophytes of Ecklonia radiata 

after 21 days: (A) variation in gametophyte survival rate; (B) variation in gametophyte maximum 

branch length; and (C) variation in gametophyte sex ratio. Sex ratio is expressed as the number of 

females divided by the total number of gametophytes observed. Data represent mean ± SE (n = 9). 

Different lowercase letters indicate significant differences among temperature treatments. For full 

statistical report, see Table 3.2. * Indicates impaired gametophyte development and was excluded from 

data analysis 
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Table 3.2 Results of the 3-factors partially nested PERMANOVA testing the effects of temperature 

(Temp), GD level and lineage (within GD level) on Ecklonia radiata zoospore germination success, 

gametophyte survival, branch length and sex ratio (Euclidian distances, 9999 permutations, significant 

results (p < 0.05) are highlighted in bold). 

Source of variation df MS Pseudo-F P-value 

Zoospore 
germination 
success 

Temp 4 2362.8 7.9295 <0.001 
GD level 2 1202.8 0.9003 0.452 
Lineage (GD level) 6 1336.1 5.6429 <0.001 
Temp × GD level 8 202.25 0.6788 0.706 
Temp × lineage (GD level) 24 297.97 1.2585 0.218 
Residual 90 236.78 

  

Gametophyte 
survival 

Temp 4 4397.7 5.8964 0.003 
GD level 2 64.904 0.2901 0.761 
Lineage (GD level) 6 223.71 0.5554 0.770 
Temp × GD level 8 495.49 0.6644 0.726 
Temp × lineage (GD level) 24 745.83 1.8517 0.019 
Residual 90 402.77                  

Gametophyte 
branch length 

Temp 4 393240 132.63 <0.001 
GD level 2 9698 3.2174 0.117 
Lineage (GD level) 6 3014 1.6495 0.134 
Temp × GD level 8 5088 1.7162 0.152 
Temp × lineage (GD level) 24 2965 1.6225 0.053 
Residual 90 1827                  

Female/Male 
ratio 

Temp 3 160.98 0.9774 0.428 
GD level 2 1201.8 2.3962 0.174 
Lineage (GD level) 6 501.55 6.2016 <0.001 
Temp × GD level 6 72.950 0.4429 0.841 
Temp × lineage (GD level) 18 164.71 2.0366 0.018 
Residual 72 80.875                  
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3.4.3 Recruitment capacity of juvenile sporophytes 

Female fertility rate showed a very pronounced response to the different GD treatments, with 

a significant interaction between temperature and GD level (Figure 3.4 A and Table 3.3). 

Female gametophytes developed a significantly lower number of sporophytes in the low GD 

level than in both intermediate and high GD levels at 20°C, 22°C and 24°C. Sporophyte 

recruitment in the low diversity level was 69% - 71% lower than in the intermediate and high 

diversity level at 20°C, 75% - 82% lower at 22°C and 71% - 76% lower at 24°C (Figure 3.4 A). 

There were, however, no significant differences in fertility rate between the intermediate and 

high GD level except at 22°C. No sporophytes developed at 26°C and 28°C, regardless of GD 

levels (Figure 3.4 A). Additionally, lengths of juvenile sporophytes (ranging from 120 µm to 

503 µm) differed significantly with GD levels, but there were no effects of temperature nor 

interactions between factors (Figure 3.4 B and Table 3.3). Sporophytes were significantly 

smaller at the low GD treatment, but length at the intermediate GD did not differ significantly 

from the high GD level (Figure 3.4 B).  
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Figure 3.4 Effects of temperature and genetic diversity (GD level) on the recruitment capacity of 

juvenile sporophytes of Ecklonia radiata after 35 days: (A) variation in female fertility rate; and (B) 

variation in sporophyte maximum thallus length. Female fertility rate is expressed as the percentage 

of female gametophytes bearing juvenile sporophytes. Data represent mean ± SE (n = 9). Different 

lowercase letters indicate significant differences among GD levels within temperature treatments. For 

full statistical report, see Table 3.3. * Indicates no emergence of sporophytes and were excluded from 

data analysis.
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Table 3.3 Results of the 3-factors partially nested PERMANOVA testing the effects of temperature 

(Temp), GD level and lineage (within GD level) on Ecklonia radiata female fertility rate and 

sporophyte thallus length (Euclidian distances, 9999 permutations, significant results (p < 0.05) are 

highlighted in bold). 

Source of variation df MS Pseudo-F P-value 

Female fertility 
rate 

Temp 2 1728 9.4625 0.004 
GD level 2 14398 9.8513 0.012 
Lineage (GD level) 6 1461.5 4.3683 0.001 
Temp × GD level 4 630.70 3.4537 0.044 
Temp × lineage (GD level) 12 182.62 0.5458 0.877 
Residual 54 334.58                  

Sporophyte 
thallus length 

Temp 2 46833 0.7969 0.465 
GD level 2 806920 5.3184 0.038 
Lineage (GD level) 6 151720 6.5824 0.001 
Temp × GD level 4 55094 0.9375 0.479 
Temp × lineage (GD level) 12 58765 2.5495 0.007 
Residual 54 23050                  

 

3.5 Discussion  

Thermal stress can have far-reaching impacts on species and ecosystems, but information on 

the role of genetic diversity in mediating these impacts is scarce. In this study, we demonstrated 

that critical stage transitions in the microscopic stages of kelp are influenced by temperature 

and genetic diversity. This provides evidence of a strong relationship between genetic diversity 

and population persistence, through successful sporophyte recruitment, especially under 

environmental disturbance. Nevertheless, gametophytes appeared to respond to temperature 

independently of genetic diversity, which may be an evolutionary mechanism to allow growth 

and persistence of a range of genotypes under a range of conditions until appropriate mates 

are found. 
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Genetic diversity in our study had a significant effect on female fertility (i.e. sporophyte 

recruitment) and juvenile sporophyte size. The effects were consistent in showing lower 

fertility and size for low diversity (self-fertilization) than for intermediate and high diversity, 

which could be associated with inbreeding depression or self-incompatibility. Inbreeding 

depression manifests as reduced fitness and survival of inbred offspring compared to those 

that are outcrossed. This reduction is caused by increased homozygosity and expression of 

recessive deleterious alleles (Charlesworth & Willis 2009). However, it is thought that in 

organisms with a haploid-diploid life cycle like kelps, less inbreeding depression may be 

expected because the haploid gametophytes phase could facilitate purging of the deleterious 

alleles (Camus et al. 2021). Inbreeding associated with selfing have been found to have negative 

consequences for other kelp species. These effects include decreased zygote production, 

survival rate, fertility, and fecundity of offspring in Macrocystis pyrifera (Raimondi et al. 2004). 

Further population genetic modeling suggested a high mortality rate for juvenile sporophytes 

associated with selfing (Johansson et al. 2013).  

It is believed that inbreeding depression may enhance the evolution of traits such as kin 

recognition to combat inbreeding (Szulkin et al. 2013) and evidence suggests that kelp female 

gametophytes are able to detect both male gametophytes presence and identity (Camus et al. 

2021). This life-history trait evolution could also explain the reduced fertility rate we observed 

among kin gametophytes under the low diversity treatment. While samples collected in this 

study came from a central population with high genetic diversity, self-fertilization may offer 

reproductive assurance to populations when outcrossing is not possible (Darwin 1876, Baker 

1955, Lloyd 1992). Fragmented populations that already suffer low levels of genetic diversity 

may be under strong selection to self-fertilize and may show weak or absent inbreeding 

depression due to purging (Hedrick 1994, García-Dorado 2012, Hedrick & Garcia-Dorado 

2016). It is noteworthy that inbreeding depression is generally more severe under natural field 
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conditions than under controlled laboratory conditions (Charlesworth & Charlesworth 1987), 

thus real effects on Ecklonia radiata early life stages may be more drastic in natural settings.  

While the developmental transition from gametophyte to sporophyte in our study was greatly 

reduced under low diversity, gametophyte performances (i.e. survival and size) were more 

affected by temperature than genetic diversity. Generally, seawater temperatures above the 

broad optimum often result in reduced survival rate and suppress the growth of E. radiata 

gametophytes (Mabin et al. 2013, Mohring et al. 2014). Nonetheless, gametophyte survival in 

our study did not differ between temperature treatments except at 28°C, where survival was 

significantly suppressed. This implies that kelp gametophytes have a high ability to withstand 

and tolerate temperature stress, regardless of genetic diversity. Our results align with others 

who suggest that E. radiata gametophytes are among the most thermally tolerant in the 

Laminariales (Wernberg et al. 2019a), with survival thresholds of 26 to 28°C (Novaczek 1984a, 

Bolton & Anderson 1987, tom Dieck 1993). However, upper survival limits may vary 

depending on the duration of exposure, as shown for other kelp species. For example, 

gametophytes of the kelp Laminaria digitata were able to survive high temperatures of 28°C, 

but this upper survival temperature decreased with time to 24°C after 1 week exposure (tom 

Dieck 1993).  

Kelp gametophytes are generally more robust to thermal stress than sporophytes (tom Dieck 

1992, tom Dieck 1993, Morita et al. 2003a, b) and can play a crucial role in the recovery of kelp 

forests after a disturbance. Sporophyte recruitment is dependent on this microscopic stage, 

and if recruitment is reduced, widespread disappearance of entire macroscopic populations 

can occur (Ladah et al. 1999, Wernberg et al. 2018). The gametophyte stage is thus crucial for 

kelp survival especially in populations with extremely high sporophyte mortality due to 

climate change. It was found that during unfavourable climatic conditions, kelp gametophytes 

can act as ‘seed banks’ (Hoffmann & Santelices 1991, Schoenrock et al. 2021), where they 

persist in a dormant vegetative state thus postponing recruitment of juvenile sporophytes until 
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conditions improve (e.g. tom Dieck 1993, Carney & Edwards 2010, Alsuwaiyan et al. 2021). In 

our study, thermal stress (26°C and 28°C) inhibited gametogenesis and there was no successful 

sporophyte recruitment at these temperatures. Although a ‘seed bank’ strategy can help in the 

rapid recovery from stress, the longevity of these banks  is believed to be much less than 12 

months (Hoffmann & Santelices 1991). Prolonged periods of unfavourable conditions may 

therefore lead to complete macroscopic sporophyte mortality and no successful recovery 

through the microscopic stages (Wernberg et al. 2018). 

In conclusion, genetic diversity of kelp populations could impact key stage transitions for kelp 

with irreversible implications for ecosystem structure and function (Wernberg et al. 2018). 

Moreover, these stage transitions may be more sensitive to temperature than gametophyte 

survival per se (e.g. de Bettignies et al. 2018) and, in the context of the increasing prevalence 

of anthropogenic-mediated erosion of genetic diversity in natural populations (Hampe & Petit 

2005, Hughes et al. 2008, Gurgel et al. 2020), it is crucial to understand the interplay of these 

factors in order to assess population vulnerability to future climate change. 
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4.1 Abstract 

Marine heatwaves (MHWs) have caused declines in many kelp forests globally. Although the 

ecological effects of these climatic extremes have been well examined, studies on the role of 

genotypic variation in underpinning population responses under pressure are lacking. 

Understanding how kelps respond to different warming profiles and, in particular, 

intraspecific variation in responses is necessary to confidently anticipate the future of kelp 

forests, yet this remains a critical knowledge gap for most species. This study examined the 

responses of early life stages of 9 different genotypes of the Australian kelp Ecklonia radiata to 

different MHW profiles, where cumulative heat intensity was kept constant: control treatment 

(constant 19°C), heat spikes (fluctuating 19–23°C), low intensity MHW (ramp up 23°C) and 

high intensity MHW (ramp up 27°C). Overall, we found significant declines in E. radiata 

gametophyte performance in all MHW treatments and delays in sporophyte recruitment 

during MHW exposure. We also found significant genotype by environment (G×E) 

interactions, suggesting tolerance to acute thermal stress is influenced by genetic variation. 

Our results showed that offspring from different genotypes within the same population 

respond differently to MHWs, indicating that some genotypes are susceptible to MHWs while 

others are more resistant. While the effects on standing genetic variation and subsequent 

susceptibility to other stressors are unknown, our findings suggest that in addition to 

immediate impacts on marine organisms, natural genotypic variation in response to thermal 

anomalies may facilitate the gradual evolution of populations with increased thermal tolerance 

under future climates. 

 

 

Keywords: Adaptation, Genetic variation, Growth, Kelp, Marine heatwave, Ocean warming, 

Thermal reaction norms  
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4.2 Introduction 

Extreme climatic events have driven rapid changes in species distributions and altered 

ecosystem structure and functioning by causing mortality, range shifts and community 

reconfiguration (Moreno & Møller 2011, Smale et al. 2019). While the ecological consequences 

of extreme climatic events are well studied (e.g. Smale et al. 2019), less information is available 

on the role of genetic diversity in enhancing population performance and ecosystem functions 

under stress, especially for marine systems (Wernberg et al. 2018). Yet these studies are 

necessary to reliably forecast species vulnerability and adaptive potential under future climate 

change. 

Marine heatwaves (MHWs) are extreme events defined as sea surface temperature (SST) 

anomalies warmer than the 90th percentile based on historical observations from the prior 30 

years, which last for a period of five or more consecutive days (Hobday et al. 2016). In recent 

years, a number of high-profile MHWs have been recorded in all major ocean basins 

(Holbrook et al. 2019), with large ecological and socio-economic consequences (Smale et al. 

2019). These extreme events have led to distributional shifts in benthic marine species and 

ecosystem reconfigurations (Smale & Wernberg 2013, Wernberg et al. 2016, Oliver et al. 2017), 

including coral bleaching (Moore et al. 2012), loss of kelp forests (Wernberg et al. 2016, 

Arafeh-Dalmau et al. 2019, Rogers-Bennett & Catton 2019, Thomsen et al. 2019, Filbee-Dexter 

et al. 2020), loss of seagrass meadows (Strydom et al. 2020) and extensive mortality of benthic 

marine invertebrates (Garrabou et al. 2009). These short-term temperature extremes are 

predicted to increase in intensity, frequency and duration throughout the 21st century as a 

consequence of climate change (Oliver et al. 2019, Laufkötter et al. 2020). Therefore, it is 

important to understand their impact on all levels of biological organization, from genes to 

ecosystems, in order to evaluate the ability of populations and species to adapt to future 

climates (Coleman & Wernberg 2020, Coleman et al. 2020b, Gurgel et al. 2020). 
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Thermal stress not only drives local extinctions and range shifts (e.g. Wernberg et al. 2016, 

Arafeh-Dalmau et al. 2019), but can also lead to phenotypic plasticity or adaptation via 

directional selection that favours thermally tolerant genotypes (Coleman & Wernberg 2020). 

Standing genetic variation among individuals plays a crucial role in the adaptability of a 

population, as higher genetic diversity provides a greater range of possible functional 

responses and increases the population’s likelihood to withstand or overcome a stressor 

(Hughes & Stachowicz 2004, Reusch et al. 2005, Wernberg et al. 2018). Therefore, adaptation 

towards increased tolerance of heat stress is only possible when the variability in heat tolerance 

is underpinned by genetic variation. On the other hand, extreme events such as MHWs might 

also cause an extreme loss in genetic diversity by eliminating less heat-tolerant genotypes 

(Gurgel et al. 2020), potentially reducing overall adaptive capacity to multiple future stressors 

(maladaptation).  

Previous studies have examined the influence of genotypes on fitness to environmental stress 

in marine organisms (Császár et al. 2010, Pease et al. 2010, Foo et al. 2012), including genetic 

variation in thermal sensitivity among genotypes in kelp populations (Mabin et al. 2019, 

Liesner et al. 2020b). These studies have found heritable within-population variation for traits 

that influence the persistence of populations experiencing warming, suggesting that genetic 

variation may affect population resilience to heat stress. To robustly predict the long-term 

consequences of environmental stressors on natural populations, it is therefore important to 

move beyond simply measuring average population-level effects of a given thermal stress, and 

instead consider the variation in responses to stress among genotypes within populations 

(Clark et al. 2013, Coleman & Wernberg 2020, Coleman & Wernberg 2021).  

Kelp have a biphasic-heteromorphic life cycle that alternates between microscopic haploid 

gametophyte stages and macroscopic diploid sporophytes (Fritsch 1942). These complex life-

cycle stages differ in their thermal responses and survival limits (de Bettignies et al. 2018, 

Martins et al. 2020). For example, reproductive maturation (sporogenesis and gametogenesis) 



 

56 

 

has a narrower temperature window than sporophyte and gametophyte growth and survival 

(Bartsch et al. 2013, Martins et al. 2017, de Bettignies et al. 2018), thus an increase in 

temperature may cause delays in reproductive development (de Bettignies et al. 2018, Martins 

et al. 2020). In addition, temperature tolerance thresholds vary between life stages, and 

gametophytes appear to withstand higher temperatures than young sporophytes (Bartsch et al. 

2013, Martins et al. 2017). These microscopic stages influence recruitment success yet are 

extremely vulnerable to different environmental perturbations (e.g. Wiencke et al. 2006, 

Fredersdorf et al. 2009, Gaitán-Espitia et al. 2014, Borlongan et al. 2018). Gametophyte stages 

are thus particularly critical for the survival of kelp species in populations with significant 

sporophyte mortality due to extreme climatic events (Ladah & Zertuche-González 2007, 

Barradas et al. 2011, Roleda & Dethleff 2011).  

Many studies have found that, under laboratory conditions, both life-cycle stages of kelp are 

severely impacted by heat stress and changes in water temperature. For example, high water 

temperature resulted in decreased sporophyte survival rates (Gao et al. 2016), substantial tissue 

deterioration (Andersen et al. 2013) and reduced kelp biomass by significantly decreasing 

growth rates and photosynthetic performances (Nepper-Davidsen et al. 2019). Effects on the 

microscopic stages included increased mortality of kelp zoospores and decreased germination 

rates (Gaitán-Espitia et al. 2014), reduced growth of gametophytes (Mohring et al. 2014) and 

limited fertilisation success (Oppliger et al. 2012). These studies suggest that responses may 

differ dramatically for each life-cycle stage under a warming climate scenario. Although the 

effect of heat stress on kelps has been well studied, the effect of increasing temperature 

variability, another characteristic of global change (Oliver et al. 2019), or how thermal stress is 

presented remains less understood. In general, only a few modelling studies have simulated 

environmental variability (e.g. pH; Boyd et al. 2016), yet these variability stressors have been 

largely ignored in experiments. 
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Here, we investigated the responses of the early life stages of Australia’s dominant underwater 

forest-forming species, Ecklonia radiata (Wernberg et al. 2019a), to different MHW profiles. 

We measured the performance of the haploid gametophyte and diploid sporophyte life stages 

of 9 different genotypes under constant temperature (19°C), a low-magnitude heatwave 

(23°C), a high-magnitude heatwave (27°C) and highly variable temperature (19–23°C) 

conditions. Treatments had an equal amount of cumulative heat intensity (sensu Hobday et al. 

2016) in order to better understand if varying the way a consistent amount of thermal stress is 

delivered affected responses. By culturing different genotypes, we tested for genotype by 

environment interactions (G×E) to determine whether there was within-population variation 

(genetic variation) in response to thermal stress (Clark et al. 2013). 

 

4.3 Methods 

4.3.1 Zoospore release and establishment of gametophytes cultures  

Nine fertile sporophytes of Ecklonia radiata (Laminariales) were haphazardly collected from 

11 m depth by SCUBA divers from Hamelin Bay, Western Australia (34°15'22.07" S, 115° 

0'33.48" E) in April 2019. The thalli were immediately transported to shore and processed for 

zoospore extraction following the methods of Alsuwaiyan et al. (2019). Briefly, sorus tissue 

was excised and sori were gently scraped, sterilised in a diluted iodine solution for ~30 seconds 

to eliminate surface epiphytes, rinsed with 0.2 μm filtered-autoclaved seawater, and excessive 

mucilage wiped away with clean paper towels. After cleaning, sori were stored between layers 

of moist tissue paper in darkness for 18 hours at 10°C. Zoospores were released the following 

day by immersing the sorus tissue in filtered, autoclaved seawater at 10°C. Sori pieces from 

each sporophyte were placed into separate sterile beakers and covered with 100 mL of seawater 

for zoospore release. Separate zoospore suspensions were sowed into Petri dishes and left 

undisturbed for 18 hours at room temperature to allow the zoospores to settle. Sporophytes 
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were confirmed to be unique genetic lines, as double digest restriction-site associated DNA 

(ddRAD) sequencing revealed samples to differ in 7–10% of loci (S. Vranken unpubl. data). 

These 9 unique genetic lines were followed separately throughout the experiment to assess 

differences in responses within and across life stages. After the settlement period, water in the 

Petri dishes was renewed with 0.2 μm filtered-autoclaved seawater enriched with Provasoli 

solution (PES; Provasoli 1968), with germanium dioxide (GeO2) added to prevent diatom 

contamination (Lüning & Neushul 1978). Culture medium was changed after 2 days and 

weekly from then on. Petri dishes were incubated in a controlled temperature room under the 

following culture conditions: 18°C, 6 ± 3 µmol photons m–2 s–1 red light, and 12 hour light:12 

hour dark photoperiod. Red light was achieved by covering light tubes (Sylvania Luxline Plus 

FHO 24W/835) with red cellophane. When high gametophyte biomass had accumulated, Petri 

dishes were scraped using a sterilised cell scraper and the juvenile gametophytes were 

transferred into 250 mL sterile cell culture flasks filled with 100 mL PES. Gametophytes were 

maintained in a vegetative stage without aeration under the same conditions mentioned above. 

The PES medium was then renewed every 2 weeks.  

4.3.2 Experimental design 

To create experimental treatments of gametophytes, healthy gametophyte mass from each of 

the 9 genetic lines were first broken down into shorter fragments using an electric blender (Li 

et al. 2017) and then filtered through stacked mesh filters to select sizes in the range of 30–60 

μm in length. This step was necessary to collect similar size gametophytes, allowing evaluation 

of treatment effects on gametophyte size. The fragments from each genotype (n = 9) were then 

sown into 16 labelled Petri dishes containing PES, at an average density of ~110 fragments mL–

1. Petri dishes were left in a controlled temperature room (set at 18°C, 6 ± 3 μmol photons m–

2 s–1 red light, 12 hour light:12 hour dark photoperiod) for 2 weeks to allow the gametophytes 

to settle. After 2 weeks, PES medium was renewed, and Petri dishes were moved to their 

respective treatments. There were 4 replicate Petri dishes per genotype in each treatment. 
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Gametophytes were cultured under 50 μmol photons m–2 s–1 with a photoperiod of 12 hour 

light:12 hour dark, and PES was replaced weekly. Four experimental treatments were used to 

test the effect of MHWs on gametophyte survival, growth and development (Figure 4.1). In 

the control treatment, gametophytes were cultured at a constant temperature of 19 ± 0.5°C, to 

represent ambient temperature conditions. Heat treatments were designed to have equal 

cumulative heat intensity (48°C cumulative intensity above the control). In the ‘heat spikes’ 

treatment, gametophytes were cultured at temperatures fluctuating between 19 ± 0.5 and 23 ± 

0.5°C every day for 23 days, then back to 19 ± 0.5°C for 5 days. In the Low and High MHW 

treatments, gametophytes were first cultured at 23 ± 0.5°C for 12 days, and 27 ± 0.5°C for 6 

days, respectively, and back to 19 ± 0.5°C. We used 23°C for the low intensity MHW to 

represent the annual maximum SST during the Western Australia 2011 MHW (Wernberg et 

al. 2013), and 27°C for the high intensity MHW to represent the predicted more intense 

MHWs. Cultures were examined under a microscope on Days 1, 7, 14, 21 and 28 of the 

experiment, and 6 random fields of view (40× magnification) were photographed.  

 

Figure 4.1 Four culturing treatments of Ecklonia radiata gametophytes: control: gametophytes 

cultured constantly at 19°C; heat spikes: gametophytes cultured between 19 and 23°C for 23 days then 

constantly at 19°C for 5 days; low intensity MHW: gametophytes cultured at 23°C for 12 days then 

constantly at 19°C; and high intensity MHW: gametophytes cultured at 27°C for 6 days then constantly 

at 19°C. All heat treatments have equal cumulative heat intensity (48°C cumulative intensity above the 

control) 
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4.3.3 Measurements 

From the photographs, the treatment effects were determined by measuring gametophyte 

survival, reproductive success (sporophyte density), size and relative growth rates (RGRs). 

Survivorship was determined by counting the number of viable gametophytes over the initial 

density on Day 1. Viability of gametophytic cells was assessed by the presence of plastids with 

brown pigmentation (see inset of Figure 4.2 A; Visch et al. 2019).  

3.3.3.1 Reproductive success (sporophyte density) 

Reproductive success was estimated following Lee and Brinkhuis (1986): 

Reproductive success (%) = [a / (a + b + c)] × 100 

where a is the number of female gametophytes bearing juvenile sporophytes, b is the number 

of female gametophytes with oogonia and c is the number of female gametophytes without 

oogonia. 

3.3.3.2 Size and RGR 

The size of gametophytes (maximum branch length) and juvenile sporophytes (thallus area) 

was recorded on Day 21 of culture and measured using ImageJ software. RGR d–1 was 

calculated using the following equation: 

RGR (% d–1) = [(lnL2 – lnL1) / t2 – t1] × 100 

where L1 and L2 are the lengths (RGRL) or widths (RGRW) at times t1 and t2 in days. Five male 

and 5 female gametophytes from every replicate dish were haphazardly selected and their 

maximum length measured on Day 1 (t1) and Day 21 (t2). For sporophyte measures, the 3 

largest sporophytes from every replicate dish were selected and their maximum length and 

width measured on Day 21 (t1) and Day 28 (t2). Random sampling was avoided, since 

sporophytes that developed from eggs produced at different times could have been selected, 
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obscuring real trends in growth rate (Kain 1965). For sporophytes, RGR was calculated for the 

thallus area (RGRA) as: 

RGRA = RGRL + RGRW 

4.3.4 Statistical analysis 

All analyses were performed in the R statistical environment version 4.0.0 (R Core Team 2020). 

We tested for significant differences in heat stress responses using ANOVA, with a significance 

level of α = 0.05. Normal distribution of standardized residuals was assessed using Shapiro-

Wilks normality tests, while homogeneity of variance was tested using Levene’s test. Data were 

log transformed when the assumptions of normality and homogeneity of variance were not 

met (Underwood 1997). A 1-way ANOVA was performed to test for temperature treatment 

effects on density, size and RGR of gametophytes and sporophytes, with experimental 

temperature as a fixed factor with 4 levels. Separate analyses were conducted for population 

density at each time point (Day 7, 14 and 21 for gametophytes; Day 14, 21 and 28 for 

sporophytes). Day 28 was excluded from the gametophyte density analysis because the 

majority of gametophytes had undergone gametogenesis by this time. Day 7 was excluded 

from the sporophyte density analysis because sporophyte formation was near zero at the 3 heat 

treatments. There was no significant interaction between sex and experimental temperature 

on gametophyte size and RGR (size p = 0.954, RGR p = 0.470); therefore sex was pooled for all 

gametophyte analyses (but see Figure S 4.1 and Table S 4.1 in the Supplement for analyses of 

both sexes separately). Pearson’s correlations between traits were performed on genotype 

means to assess potential for intra- and inter-generational correlations. To determine the 

presence of genetic variation, a 2-way ANOVA was performed to test for the effects of 

genotype, experimental temperature and their interaction on density, size and RGR of 

gametophytes and sporophytes. Genotype was modelled as a random factor with 9 levels, 

whereas temperature treatment was modelled as a fixed factor with 4 levels. For all analyses, 
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when ANOVA main tests yielded significant results, they were followed by Tukey’s HSD post 

hoc tests. 

 

4.4 Results 

4.4.1 Population thermal tolerance 

Gametophyte densities showed a very pronounced, negative response to heat conditions over 

the experiment (Figure 4.2 A and Table S 4.2 in the Supplement). Densities were lower in the 

3 heat treatments compared to the control at all times in the experiment (Day 7 F3,32 = 8.25, p 

< 0.001; Day 14 F3,32 = 11.92, p < 0.001; Day 21 F3,32 = 10.22, p < 0.001; Table S 4.2), but did not 

differ significantly among the heat treatments (Figure 4.2 A). Generally, gametophyte densities 

decreased over time to reach around 30–35% mortality rate across these heat treatments, 

compared to 20% mortality in the control (Figure 4.2 A). In contrast, temperature initially 

showed significant effects on sporophyte density (Day 14 F3,32 = 7.64, p < 0.001; Figure 4.2 B 

and Table S 4.2), with a delayed development of sporophyte observed in the low and high 

MHW treatments. However, with longer recovery time, post MHW, sporophyte densities 

increased to reach around 45% by the end of the experiment (Figure 4.2 B). Notably, densities 

on Day 14 were not statistically significant between the control and heat spikes, or among the 

3 heat treatments (Figure 4.2 B). 
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Figure 4.2 Mean relative density (±SE, n = 9) of Ecklonia radiata (A) gametophytes; and (B) 

sporophytes over time. Gametophyte density was calculated by counting the number of viable 

gametophytes over the initial density on Day 1, whereas sporophyte density was calculated by counting 

the number of female gametophytes bearing juvenile sporophytes over the total number of female 

gametophytes observed. Different lowercase letters indicate significant differences between 

temperature treatments within time points (Tukey’s HSD test, p < 0.05). Inset in (A) shows (a) viable 

gametophytic cells containing intact plastids with brown pigmentation; and (b) lysed and non-viable 

gametophytic cells. Inset in (B) shows juvenile sporophytes 
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Heat treatments negatively affected both gametophyte size (F3,32 = 8.00, p < 0.001; Figure 4.3                

A and Table S 4.3 in the Supplement) and RGR (F3,32 = 35.28, p < 0.001; Figure 4.3 B and Table 

S 4.3). Size and RGR, in the control treatment, averaged 0.62 mm and 5.33% d–1, respectively, 

and both decreased significantly with the 3 heat treatments, but with no significant difference 

in mean values among the heat treatments (Figure 4.3 A, B). Similarly, sporophyte size was 

susceptible to the heat treatments (F3,32 = 6.18, p = 0.002; Figure 4.3 C and Table S 4.3), but not 

RGR (F3,32 = 1.57, p = 0.216; Figure 4.3 D and Table S 4.3). Sporophyte size was significantly 

larger in the control (0.034 mm2) than in the 2 MHW treatments, however, size did not vary 

between the control and heat spikes. Among the heat treatments, heat spikes led to larger 

sporophytes, and size decreased by around 75% in the high MHW treatment, though these 

differences were not significant (Figure 4.3 C).  

Pearson’s r correlation showed no significant correlation between gametophyte density and 

sporophyte density in any of the 4 experimental treatments (Figure S 4.2 A–D in the 

Supplement), nor between gametophyte size and gametophyte density (Figure S 4.2 E–H). 

However, sporophyte size was significantly correlated with sporophyte density (Figure S 4.2 

I–L). 
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Figure 4.3 Mean size and relative growth rate (RGR) (±SE, n = 9) of Ecklonia radiata (A,B) 

gametophytes; and (C,D) sporophytes. Different lowercase letters indicate significant differences 

between temperature treatments (Tukey’s HSD test, p < 0.05) 

 

4.4.2 Interactive effects of genotype 

MHWs affected density and growth patterns of Ecklonia radiata early life stages, but the 

magnitude of responses to the stressful temperatures were dependent on genotypes as well 

(Figure 4.4 and Table 4.1; for reaction norms across all 4 temperature treatments see Figure S 

4.3 in the Supplement). There was a significant G×E interaction in gametophyte size (F24,108 = 

2.52, p < 0.001; Figure 4.4 B and Table 4.1) and RGR (F24,108 = 2.22, p = 0.003; Figure 4.4 C and 

Table 4.1), indicating that genotypes differed in their plastic response to temperature. 

Sporophyte density (Figure 4.4 D) and size (Figure 4.4 E) also showed the same pattern of 
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genetic variation for plasticity with the significant G×E interaction (density F24,108 = 2.14, p = 

0.004; size F24,108 = 2.64, p < 0.001; Table 4.1). The observed thermal reaction norms showed 

changes in the ranking of genotypes across temperature treatments in each of the 4 response 

variables; however, for gametophyte RGR and sporophyte size, the magnitude of inter-

genotypic variance decreased in the high MHW treatment (Figure 4.4). For sporophyte RGR, 

reaction norm slopes were more similar, but still differed in magnitude (F8,108 = 8.29, p < 0.001; 

Figure 4.4 F and Table 4.1). Together, these results show that the impacts of the MHW 

treatments on E. radiata early life stages are highly variable among genotypes.   
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Figure 4.4 Reaction norms for density and growth patterns of Ecklonia radiata (A–C) gametophytes 

and (D–F) sporophytes to visualize genetic variation in plasticity among genotypes. Lines represent 

the contrast between the means of each genotype. Statistical significance of the factors for genotype 

(G), experimental treatment (E) and G by E interaction (G×E) is summarised in the figure: ***p < 

0.001; **p < 0.01; *p < 0.05; ns: not significant. For full statistical report, see Table 4.1. For reaction 

norms across all 4 temperature treatments see Figure S 4.3 in the Supplement 
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Table 4.1 ANOVA main test results testing for the effect of genotype (G; random factor), experimental 

temperature (E; fixed factor) and their interaction (G×E) on density, size and relative growth rate 

(RGR) of Ecklonia radiata gametophytes and sporophytes. Significant results (p < 0.05) are highlighted 

in bold. Sporophyte size data were transformed to meet the assumptions of ANOVA (before log 

transformation p < 0.01; after log transformation p = 0.162) 

Source of variation 
  Gametophytes   Sporophytes 
df MS F P-value   MS F P-value 

Density  G 8 292.29 1.46 0.182  5032.11 18.31 <0.001 

 E 3 2282.03 11.40 <0.001  1128.67 1.92 0.154 

 G × E 24 200.26 1.00 0.475  588.38 2.14 0.004 

 Residual 108 200.61    274.84   

Size G 8 0.01 5.79 <0.001  1.77 24.27 <0.001 

 E 3 0.06 10.83 <0.001  3.73 19.41 <0.001 

 G × E 24 0.01 2.52 <0.001  0.19 2.64 <0.001 

 Residual 108 0.00    0.07     

RGR G 8 2.53 5.50 <0.001  425.75 8.29 <0.001 

 E 3 49.38 48.32 <0.001  247.20 4.66 0.011 

 G × E 24 1.02 2.22 0.003  53.03 1.03 0.433 
  Residual 108 0.46       51.34     

 

4.5 Discussion  

Climatic extremes (i.e. MHWs) have caused devastating effects on marine ecosystems with 

significant ecological and socio-economic consequences (Smale et al. 2019), in particular loss 

of kelp forests (Wernberg et al. 2016, Arafeh-Dalmau et al. 2019, Rogers-Bennett & Catton 

2019, Thomsen et al. 2019, Filbee-Dexter et al. 2020) and erosion of their adaptive capacity 

(Coleman et al. 2020a, Gurgel et al. 2020). The effects of MHWs on populations are strongly 

related to genetic diversity among populations (Wernberg et al. 2018). In our study, we found 

that MHWs significantly reduced Ecklonia radiata gametophyte performance and delayed 

sporophyte recruitment. We also found some variation in thermal tolerance linked to genetic 
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variation, as indicated by the significant G×E interaction, suggesting the presence of heritable 

variation in tolerance to thermal stress. 

4.5.1 General temperature effects  

High water temperatures generally result in a decline in gametophyte growth and survival 

(Mohring et al. 2014, Shukla & Edwards 2017), because temperature-induced damage to kelp 

often negatively affects physiological performance (i.e. growth and photosynthesis, Borlongan 

et al. 2018). We found that E. radiata gametophytes were negatively affected by heat spikes 

and the 2 MHW treatments. This result is not surprising, given that E. radiata gametophytes 

can survive and grow in temperatures from 12–26°C but experience a decline in growth and 

survival outside the 18–23°C range (Mohring et al. 2014). Our results match other studies 

which found that E. radiata gametophytes could grow in temperatures up to 25°C but growth 

decreased by >50% above 22°C (e.g. Mabin et al. 2013), suggesting that gametophytes may 

have undergone heat-related damage. The most important finding in our study was, however, 

that different heat treatments (heat spikes, low MHW and high MHW) had similarly negative 

effects on gametophytes. Given that all 3 heat treatments had equal cumulative heat intensity, 

this observation suggests that gametophyte survival, size and RGR may be more influenced by 

total heat exposure rather than specific warming profiles of heat intensity. While a ramp up to 

+8°C in a day, as in our temperature treatments, is unlikely or rare in this system, fluctuations 

of 3–5°C within 4–24 h occur regularly (see Smale & Wernberg 2009). Still, the observed 

response in gametophyte performance across the 3 heat treatments may be a response to an 

instantaneous heat shock rather than the mode of our heat treatments. Further, the use of PES 

in our experiments may have contributed to the observed results; larger effects might have 

been observed with the use of ambient seawater, where nitrogen is less available. Previous 

studies have found that nitrogen modulates kelp thermal plasticity, alleviating the negative 

effects of high seawater temperatures on kelp growth and photosynthesis (Fernández et al. 

2020), although this may be species-specific. 
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Reproductive success was affected by MHWs, as gametophytes delayed development of 

sporophytes during the MHW exposure days. This may reflect a mechanism by which 

gametophytes under non-lethal conditions, such as high but sub-lethal temperatures, have the 

ability to remain in a dormant or suppressed growth state for extended periods until conditions 

become favourable for growth and recruitment (Carney & Edwards 2010, Schoenrock et al. 

2021), and this may be a trait that enables rapid recovery from stress. This prolonged vegetative 

growth of gametophytes may also result in gametophytes developing more female cells, which 

may potentially develop into oogonia, thus increasing sporophyte recruitment (Bolton & 

Levitt 1985, Liesner et al. 2020b). In our experiment, recovery occurred subsequently, and 

sporophyte density almost reached that of controls by the end of the experiment. Thus, sub-

lethal effects of MHWs on kelp gametophyte may be transient, with maturation and 

sporophyte recruitment resuming as soon as favourable environmental conditions prevail.  

The absence of sporophytes during the MHW days, however, does not necessarily mean that 

sporophytes are incapable of surviving and growing at these temperatures but could instead 

indicate that no effective fertilization had occurred (Mabin et al. 2013). Moreover, maternal 

links may exist between life stages, affecting recruitment phenotype (Allen & Marshall 2013), 

and can also determine early offspring fitness under stressful conditions (Marshall 2008). 

However, maternal effects do not always persist across life-history stages (Allen & Marshall 

2014) and so are not necessarily a strong indicator of adult fitness. In our study, we found no 

correlations between the two life-history stages.  

A significant finding in our study is that sporophyte production was not suppressed during the 

heat spike treatment, with no significant differences in sporophyte density between heat spikes 

and the control. This result suggests that while prolonged periods of high heat are a key 

limitation to reproduction, heat stress that includes even short periods of more optimal 

temperatures, as in the heat spikes treatment, are enough to maintain reproduction. In 

addition, sporophyte RGRs did not differ between temperature treatments at all, whereas size 
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declined in the 2 MHW treatments and was significantly correlated with sporophyte density. 

This correlation could explain the patterns in size observed in our study, where the delayed 

development of sporophytes during the MHW exposure days may have resulted in younger 

and subsequently smaller sporophytes.  

4.5.2 G×E interactions 

Genotypic variation in stress tolerance may provide resilience to future climate change in 

species and populations as it allows adaptive responses to occur (Wernberg et al. 2018). Our 

thermal reaction norm results showed that genotypes differed in their susceptibility to MHWs 

in both life-history stages. The significant G×E interactions observed indicate that the tested 

genotypes might differ in their thermal plasticity or have inherent genetic variation related to 

temperature tolerance. From the reaction norms, it is clear that MHW decreased the 

magnitude of inter-genotypic variance among genotypes in some response traits (i.e. 

gametophyte RGR and sporophyte size), but the ranking order of genotypes still changed 

across temperature treatments. This indicates variation in genotype responses to the MHW 

treatment, which coincides with emerging evidence suggesting that variation in stress 

tolerance among different genotypes can contribute to the magnitude of response to extreme 

events (Wernberg et al. 2018, Coleman et al. 2020a, Coleman & Wernberg 2020, Gurgel et al. 

2020, Coleman & Wernberg 2021).  Previous studies on thermal reaction norms have also 

shown G×E interactions, indicating variation in temperature tolerance among genotypes 

(Clark et al. 2013, Mabin et al. 2019, Liesner et al. 2020b). For example, Mabin et al. (2019) 

found significant morphological variation in E. radiata gametophytes from different lineages 

in response to different temperature and light levels, which they linked to possible maternal 

and genetic effects. Thus, selection for more tolerant genotypes may lead to the gradual 

evolution of populations with increased thermal tolerance.   
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Furthermore, genetic variation is an important characteristic for natural selection in 

populations under stressful conditions (Chevin et al. 2010, Kelly 2019) that could have 

substantial effects on the adaptive capacity of kelp populations in a warming environment 

(Coleman & Wernberg 2020, 2021, Vranken et al. 2021). Indeed, understanding G×E 

interactions is key to identifying the relations between stress, plasticity and adaptive 

evolutionary potential within populations (Liesner et al. 2020b). Gene flow is one process that 

could increase or decrease the magnitude of G×E interactions, and with the limited dispersal 

capacity in kelp populations and low amounts of gene flow from distant populations, this could 

facilitate local adaptation (King et al. 2018, Liesner et al. 2020a, Miller et al. 2020, Vranken et 

al. 2021) and potentially maladaptation. MHWs may, however, be too extreme for local 

adaptation and instead lead to massive and cryptic loss of genetic diversity within populations 

(Gurgel et al. 2020) that may compromise their longer-term ability to respond to change. 

Indeed, such losses of genetic diversity have been observed in kelp populations following an 

extreme MHW event (e.g. up to 66% loss of genetic diversity in Scytothalia dorycarpa), which 

surpasses loss of genetic diversity after extreme events in comparison to terrestrial species (e.g. 

10–14% average loss; Jangjoo et al. 2016, Poff et al. 2018). 

 

4.6 Conclusion 

Extreme warming events can have devastating effects on kelp forests, with response (Wernberg 

et al. 2018) and recovery determined by genetic diversity (Coleman et al. 2020a, Coleman & 

Wernberg 2020, Gurgel et al. 2020, Vranken et al. 2021). Overall, we found that warming 

events (i.e. heat spikes and MHWs) significantly affected the development of Ecklonia radiata 

early life stages. Notably, we found no differences in gametophyte performance among the 

different MHW profiles, implying that response to thermal stress might be dependent on total 

heat exposure rather than specific profiles of heat intensity. However, temperature is only one 
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factor in a complex multi-stressor environment, and other environmental stressors may 

modify a population’s ability to tolerate extreme events.  

We also found some evidence for consistent variation in thermal tolerance among genotypes 

from a single population, suggesting the presence of heritable variation in tolerance to thermal 

stress. This ability to respond to stress will likely increase when inter-population differences 

are taken into account (Clark et al. 2013). Therefore, to robustly predict the ecophysiological 

response of kelp populations to extreme events, future studies should account for genotypic 

variation in heat response within and between populations. Moreover, by designing strategies 

such as restoration to recover lost or declining kelp populations, we may be able to harness 

intra-population genetic variation in thermal response to boost the resilience of populations 

to climate change. 

 

Acknowledgements  

This study was funded by the Australian Research Council through funding to TW, MAC 

(DP160100114) and TW, MAC and KFD (DP190100058), a postgraduate scholarship from 

Qassim University, Kingdom of Saudi Arabia to NAA, and a Robson and Robertson PhD 

Award to NAA and SV. 

 

 

  



 

74 

 

4.7 Supplementary material  

4.7.1 Size and relative growth rate (RGR) of Ecklonia radiata male and female 
gametophytes 

 

 

Figure S 4.1 (A) Mean size; and (B) relative growth rate (RGR) (±SE, n = 9) of Ecklonia radiata male 

and female gametophytes. Different lowercase letters indicate significant differences between 

temperature treatments within sex (Tukey’s HSD test, p < 0.05) 
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Table S 4.1 ANOVA main test results testing for the effect of experimental temperature (E; fixed factor) 

on size and relative growth rate (RGR) of Ecklonia radiata male and female gametophytes. Significant 

results (p < 0.05) are highlighted in bold  

Source of variation 
  Male   Female 
df MS F P-value   MS F P-value 

Size E 3 0.02 9.04 <0.001  0.02 3.41 0.029 

 Residual 32 0.00      0.00     

RGR E 3 10.80 22.24 <0.001  14.10 22.97 <0.001 
  Residual 32 0.49       0.61     

 

4.7.2 Density of Ecklonia radiata gametophytes and sporophytes 

 

Table S 4.2 ANOVA main test results testing for the effect of experimental temperature (E; fixed factor) 

on density of Ecklonia radiata gametophytes and sporophytes after 7, 14, 21 and 28 days of culture. 

Significant results (p < 0.05) are highlighted in bold  

Source of variation 
  Gametophytes   Sporophytes 
df MS F P-value   MS F P-value 

Day 7 E 3 560.00 8.25 <0.001     
 Residual 32 67.90       

Day 14 E 3 717.70 11.92 <0.001  9.03 7.64 <0.001 

 Residual 32 60.20    1.18     

Day 21 E 3 570.50 10.22 <0.001  776.10 2.012 0.132 

 Residual 32 55.80    385.80   

Day 28 E 3     282.20 0.66 0.580 
  Residual 32         424.80     

Sporophyte density Day 14 data were transformed to meet the assumptions of ANOVA (before log 

transformation p = 0.013; after log transformation p = 0.056) 
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4.7.3 Size and relative growth rate (RGR) of Ecklonia radiata gametophytes and 
sporophytes 

 

Table S 4.3 ANOVA main test results testing for the effect of experimental temperature (E; fixed factor) 

on size and relative growth rate (RGR) of Ecklonia radiata gametophytes and sporophytes. Significant 

results (p < 0.05) are highlighted in bold  

Source of variation 
  Gametophytes   Sporophytes 
df MS F P-value   MS F P-value 

Size E 3 0.01 8.00 <0.001  0.92 6.18 0.002 

 Residual 32 0.00      0.15     

RGR E 3 12.35 35.28 <0.001  58.83 1.57 0.216 
  Residual 32 0.35       37.52     

Size data were transformed to meet the assumptions of ANOVA (gametophyte size before log 

transformation p = 0.019; after log transformation p = 0.051. Sporophyte size before log 

transformation p = 0.031; after log transformation p = 0.784) 
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4.7.4 Pearson’s r correlation between measured traits  

 

 

Figure S 4.2 Pairwise relationships between traits of Ecklonia radiata gametophytes and sporophytes 

based on genotypes means. Pearson’s r and significance are shown for each pair. (A, E, I) control 

treatment; (B, F, J) heat spikes treatment; (C G, K) low MHW treatment; and (D, H, L) high MHW 

treatment  
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4.7.5 Reaction norms for density and growth patterns of Ecklonia radiata across all 4 
temperature treatments  

 

 

Figure S 4.3 Reaction norms for density and growth patterns of Ecklonia radiata (A-C) gametophytes 

and (D-F) sporophytes to visualize genetic variation in plasticity among genotypes. Lines represent 

the contrast between the means of each genotype. Statistical significance of the factors for genotype 

(G), experimental treatment (E) and G by E interaction (G×E) is summarised: ***p < 0.001; ** p < 

0.01; * p < 0.05; n.s: not significant. For full statistical report, see Table 3.1
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5.1 Abstract 

Kelp forests are experiencing substantial declines due to climate change, particularly ocean 

warming and marine heatwaves, and active interventions are necessary to halt this decline. A 

new restoration approach termed “green gravel” has shown promise as a tool to combat kelp 

forest loss. In this approach, substrata (i.e. small gravel) are seeded with kelp propagules, 

reared in controlled conditions in the laboratory before out-planting to degraded reefs. Here, 

we tested the feasibility of cultivating Australia’s dominant kelp, Ecklonia radiata on green 

gravel with the aim of optimising the seeding conditions for E.radiata. We seeded substrata 

(i.e. gravel), that had different surface texture and size, with E. radiata gametophytes at 2 

average seeding densities: high density of ~230 fragments mL-1 and low density of ~115 

fragments mL-1. The tested substrata were small basalt, large basalt, crushed laterite and 

limestone. Gametophytes successfully adhered to all four tested substrata, however, 

gametophytes that adhered to the limestone gravel (the natural reef type off Western Australia) 

suffered extreme tissue bleaching likely due to dissolution and decrease in seawater pH. 

Gametophytes that adhered to the 3 other test substrata were healthy, fertilised following 

seeding and microscopic sporophytes were observed attaching to the gravel. Substrata and 

seeding density did not affect sporophyte growth (i.e. length) at the time of transferring into 

aquarium tanks (after 3 months of rearing in incubators) but over time substrata showed a 

significant effect on maximum lengths. After 12 months in aquarium tanks, sporophytes on 

both small and large basalt gravel were significantly larger than those on the crushed laterite. 

Gametophytes were also found to not only survive on the gravel itself but also detach from the 

gravel, settle successfully, fertilise and develop into healthy sporophytes ex situ on the 

surrounding substratum through lateral transfer. Substrata had a significant effect on density 

of detached gametophytes with rougher and larger gravel showing higher densities of 

detachment. Our results show the potential for green gravel to be a vector of dispersal for 

restoration in Western Australia where natural recovery of kelp forests has failed.  
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5.2 Introduction 

Ongoing climate change is affecting marine ecosystems through warming ocean temperatures, 

rising sea levels, ocean acidification, increasing ocean stratification and decreasing sea ice 

cover (IPCC 2022). These stressors are altering the structure and function of ecosystems, and 

are reducing global and local biodiversity (Vörösmarty et al. 2010, Halpern et al. 2019). Hence, 

interventions aimed to halt biodiversity loss and restore degraded ecosystems are essential 

(Duarte et al. 2020). 

It is difficult for some degraded ecosystems to naturally return to historic states within a 

reasonable time scale (Lotze et al. 2011). Even after the causes of degradation are removed, 

recovery can still take decades or even centuries (Dobson et al. 1997, Lotze et al. 2011) and 

sometimes does not occur at all (Cox et al. 2017). Therefore, conservation that only focuses on 

removing, lessening, or ameliorating environmental stressors may not be effective in stopping 

or reversing trajectories of change (McCrackin et al. 2017, Lindegren et al. 2018). Combining 

traditional conservation with active restoration (i.e. anthropogenic interventions to accelerate 

the recovery of degraded ecosystems) is necessary to address the rapid changes in marine 

ecosystems (Basconi et al. 2020). Recognising this, the United Nations has declared 2021-2030 

as the ‘UN Decade on Ecosystem Restoration’ and the ‘UN Decade of Ocean Science for 

Sustainable Development’ (Waltham et al. 2020). With both these UN calls to action, marine 

restoration ecology may thus become the leading field in ecological science over the next 

decade (Basconi et al. 2020).    

Kelp forests are created by large habitat-forming brown macroalgae predominantly from the 

order Laminariales and extend over approximately 25% of the world’s temperate and polar 

coastline (Wernberg et al. 2019b). Kelps are foundation species that support local biodiversity 
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(Norderhaug et al. 2005, Teagle et al. 2017) and provide critical ecosystem services to human 

societies (Smale et al. 2013, Bennett et al. 2016, Blamey & Bolton 2018) that are worth billions 

of USD year-1 (Eger et al. 2021). Long-term monitoring programs (> 20 years) show that 40% 

to 60% of the global kelp forests are declining (Krumhansl et al. 2016, Wernberg et al. 2019b). 

Many of these declines are due to anthropogenic climate change and ocean warming, either 

directly or indirectly (Wernberg et al. 2019b, Smale 2020). Warming can shift kelp forests from 

diverse, three-dimensional habitats to structurally simple turf-dominated reefs (Filbee-Dexter 

& Wernberg 2018, Pessarrodona et al. 2021). Many turf reefs have not recovered (Coleman et 

al. 2020b, Filbee-Dexter et al. 2020, Fredriksen et al. 2020) demonstrating discontinuous phase 

shifts with hysteresis (Scheffer et al. 2001), and future projections suggest further losses (Assis 

et al. 2018, Martínez et al. 2018, Davis et al. 2022). Hence, active strategies such as restoration 

and rehabilitation are needed to regrow kelp forests in these areas (Coleman et al. 2020b, Eger 

et al. 2022b).  

Restoration of kelp forests provide an unparalleled means to enhance biodiversity and support 

healthy coastal environments (Feehan et al. 2021, Filbee-Dexter et al. 2022). Kelp forest 

restoration efforts have shown variable success rates, with projects often either focussing on 

transplanting healthy individuals to a degraded area, adding new reefs or structures, and/or 

the removal of the cause of decline (e.g. sea urchins; Eger et al. 2020b, Layton et al. 2020). 

While some of these efforts resulted in short-term improvements, long-term success has been 

limited (Layton et al. 2020). Furthermore, many kelp restoration efforts have been small scale 

relative to the scales of loss (less than 100 m2; Eger et al. 2022b). Moreover, for restoration to 

be successful, it is imperative to remove pressures on kelp forests from climate change, 

herbivory, sedimentation and pollution (Duarte et al. 2020).  

Some kelp restoration efforts have focused on harvesting donor plants for transplanting into 

degraded reefs. These plants must survive environmental stressors, such as wave and storm 

exposure, until reproduction occurs (Campbell et al. 2014, Vergés et al. 2020). Other 
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techniques involve seeding reefs with early life-stages of kelps using spore bags or adding kelp 

propagules directly. However, this comes with its own set of challenges. Although kelp 

propagules (i.e. zoospores) can easily be released in the laboratory (e.g. Alsuwaiyan et al. 2019), 

they are challenging to grow and upkeep due to their high sensitivity to laboratory conditions. 

Kelp zoospores are also difficult to plant or scatter onto deteriorated reefs (Vanderklift et al. 

2020) especially in areas where turf algae have established (e.g. Moy & Christie 2012, Filbee-

Dexter et al. 2016, Feehan et al. 2019). “Green gravel” (Fredriksen et al. 2020) is a new 

restoration technique where kelp propagules are seeded onto small gravel in the laboratory 

(see Figure 5.1 for workflow for making green gravel), then out-planted back onto degraded 

reefs. This approach proved to be a promising method to combat kelp forest declines 

(Fredriksen et al. 2020). Green gravel has the potential for up-scaling to treat large degraded 

areas due to its low cost and low maintenance (Fredriksen et al. 2020); however, this method 

may be sensitive to high wave exposure or could introduce foreign substances into the ocean. 

Indeed, important questions around the green gravel approach remain unanswered such as 

what methods are optimal for gametophyte survival and whether other kelp species can be 

seeded in this way.  

Here, we tested the green gravel method on Australia’s dominant underwater forest forming 

species, Ecklonia radiata, which has undergone declines on Australia’s east and west coasts 

(Wernberg et al. 2019a). Notably, E. radiata experienced one of the most severe marine 

heatwaves in recorded history during the austral summer of 2011. This heatwave caused 

mortality and range contractions of E. radiata across several hundred kilometers of coastline 

(Wernberg et al. 2016), with some populations entirely collapsing (i.e. the low latitude range 

edge populations; Wernberg et al. 2018). Species distribution models under future climate 

change scenarios further predict that E. radiata could lose 49% to 71% of its current 

distribution range under RCP 2.6 and 6.0 emissions scenarios (Martínez et al. 2018). Along 

Western Australia’s coastline, E. radiata populations show patterns of genetic structuring and 
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adaptation to local thermal environments (Vranken et al. 2021), thus making E. radiata a 

logical target species for assisted adaptation and restoration in areas where it has disappeared. 

 In this study, we focused on the first step of the green gravel approach and tested the feasibility 

of cultivating E. radiata gametophytes on different gravel substrata. In addition, we tested the 

potential for gametophytes that detach from the gravel to settle and develop ex situ on the 

surrounding substratum. This is important in understanding if green gravel can, in some 

instances, help overcome the problem of recruitment limitation in degraded reefs by providing 

a way to add reproductive material directly to the reef surface. This study provides new insights 

into optimising green gravel for restoration. 

 

5.3 Methods 

5.3.1 Experimental design 

Gametophytes of Ecklonia. radiata used in this experiment came from gametophyte stock 

cultures kept at the Indian Ocean Marine Research Centre, Crawley, Western Australia 

(31°58'52.0" S 115°48'57.7" E) under controlled red light and temperature conditions, as 

described in Alsuwaiyan et al. (2021). Stock cultures were originally established from 

sporophytes haphazardly collected from 11 m depth by SCUBA divers from Hamelin Bay, 

Western Australia (34°15’22.07” S, 115°0’33.48” E) in April 2019. Four types of gravel with 

different surface texture and size were selected for seeding (Figure 5.2): small basalt (smooth 

texture, surface area of ~50 mm2), large basalt (smooth, ~150 mm2), crushed laterite (rough, 

~200 mm2) and limestone (rough, ~250 mm2). The gravel was washed under running DI 

water, then soaked in DI water for 1 week prior to the experiments. To seed the gravel, healthy 

gametophyte mass from mixed genetic lines (3 parents) were separated into smaller filaments 

(~0.1 mm) using a handheld electric blender. The suspension was then added to sixteen 1.7 L 

plastic containers (20 × 20 × 7 cm) containing the different gravel type separately at 2 average 
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seeding densities: high density of ~230 fragments mL-1 and low density of ~115 fragments mL-

1. There were 2 replicate container per gravel type in each seeding density treatment. The 

containers were filled with 700 mL of autoclaved seawater enriched with half strength 

Provasoli’s Enrichment Solution (PES; Provasoli 1968), and germanium dioxide (GeO2) was 

added to inhibit the growth of contaminating diatoms (Lüning & Neushul 1978). Plastic 

containers were moved into 4 incubators (set at 19°C, 50 μmol photons m-2 s-1 using Sylvania 

Luxline Plus FHO 24W/835 fluorescent lamps, 12 hour light:12 hour dark photoperiod) and 

left undisturbed for 2 weeks, to allow the gametophyte filaments to adhere onto the gravel. PES 

medium was changed after 2 weeks and weekly from then on. Seawater pH in each container 

was measured 30 days post seeding using Hanna IC-HI2002-02 Edge pH/ORP meter. 

Limestone was excluded from all experiments because it affected seawater pH causing all 

gametophytes to bleach and die.  

 

Figure 5.1 Green gravel workflow (A-D); and zoospore development into juvenile sporophytes (E-J). 

(A) Collection of fertile thalli with inset showing sori tissue; (B) inducing zoospore release in the 

laboratory; (C) establishing gametophyte stock cultures from the zoospore suspension; (D) seeding 

green gravel by adding the fragmented gametophyte suspension to trays containing small rocks. (E) 

Settled zoospore (1 day); (F) male and female gametophytes (2 weeks); (G, H) microscopic 

sporophytes on green gravel (1, 3 months); and (I, J) macroscopic juvenile sporophytes on green gravel 

(6, 15 months). Photo credits: (A, C, D, E-I) N. Alsuwaiyan, (B) A. Minne, (J) M. Sullivan 
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Figure 5.2 Microscopic view of the different surface texture of the tested gravel: (A) small basalt, (B) 

large basalt, (C) crushed laterite, and (D) limestone 

 

5.3.2 Monitoring sporophyte growth on green gravel 

After 3 months of rearing in the incubators, a subset of green gravel (n = 216) was transferred 

into twelve 24 L flow-through aquarium tanks (39 × 29 × 26 cm) set up at the Indian Ocean 

Marine Research Centre, Watermans Bay, Western Australia (31°51'07.2" S 115°45'05.9" E), as 

out-planting into the field was not possible due to COVID-related setbacks and permit 

restrictions. Gravel seeding density was kept separate with 6 tanks for the high and 6 tanks for 

the low seeding density. Each tank contained 18 pieces of gravel (n = 6 per gravel type) and 

was kept under the following hydrodynamic conditions: flow rate of ~100 L hr-1 using 0.8 μm 

sand-filtered and UV-treated seawater at 19 ± 1 °C and a photoperiod of 12 hour light:12 hour 

dark. Small wave makers (1000 L hr-1) were added to the tanks to provide water movement. 

Seawater temperature was controlled using Hailea HC-2200BH Chiller & Heater. Light was 

provided by LED lamps (Ledzeal Zeus Aquarium Lighting System, France) and levels were set 

at 130 µmol m-2 s-1 photons, which prompted growth of red algae and was eventually dropped 

to ~40 - 50 µmol m-2 s-1 after 2 months. Following this contamination, approximately 50% of 

the gravel could no longer be assessed and thus were removed. The remaining gravel were 

pooled together and moved into one 200 L tank (90 x 50 x 40 cm) with the following 

hydrodynamic conditions: flow rate of ~200 L hr-1 using 0.8 μm sand-filtered and UV-treated 

seawater at 19 ± 1 °C, 40 - 50 µmol m-2 s-1 and a photoperiod of 12 hr light:12 hr dark. 

Temperature and light were controlled using the same chiller and lamps as above. Two wave 
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makers (Jebao Propeller Pump PP-15 15000 L hr-1) were added to the tank to provide water 

movement. Every 4 to 6 weeks, germanium dioxide (GeO2) was added to the tanks to reduce 

diatom contamination at a concentration of 2 mL L-1 of seawater. The gravel were monitored 

over 12 months and the maximum length of the largest sporophyte on each gravel was 

photographed and measured using ImageJ software. Measurements were recorded at the time 

of transferring into aquarium tanks from a subset of the transferred gravel (total n = 36, n = 3 

per replicate container of gravel x seeding density treatment), then after 2, 6 and 12 months 

from all surviving gravel (total n = 108, n = 36 per gravel type).  

5.3.3 Monitoring gametophyte detachment from green gravel 

Two separate laboratory trials were run to assess the ability of gametophytes that detach from 

the gravel to settle onto surrounding substrata, each with a distinct post gravel seeding time: 

30 days and 100 days post-seeding. In both trials, 2 pieces of  gravel were haphazardly selected 

from every replicate container (n = 4 per combination of gravel x seeding density treatment) 

and moved into 24 Petri dishes (60 × 15 mm) filled with 30 mL half strength PES, with a single 

piece of gravel in each dish. Petri dishes were cultured in incubators set at 19°C, 50 μmol 

photons m-2 s-1 using Sylvania Luxline Plus FHO 24W/835 fluorescent lamps and a 

photoperiod of 12 hour light:12 hour dark. Petri dishes were monitored under a microscope 

on Days 8, 16, 23, 38 and 56 of the experiment, and the total surface area (21.5 cm2) of every 

dish was scanned. At each time point, gametophyte detachment and reproductive success of 

detached gametophytes were estimated. Gametophyte detachment from gravel (i.e. 

gametophyte density in the surrounding dish) was evaluated through the total number of 

gametophytes adhered to the dish surface around the gravel. Reproductive success (i.e. 

sporophyte density) was evaluated through the total number of sporophytes adhered to the 

dish surface.  
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5.3.4 Statistical analysis 

All analysis were performed in R statistical environment version 4.0.3 (R Core Team 2020). 

Assumptions of normality and homogeneity of variance were assessed using Shapiro-Wilks 

normality and Levene’s tests respectively and data were log transformed when necessary 

(Underwood 1997). Sporophyte growth (i.e. maximum length on gravel) in aquarium tanks 

was analysed at 2 time points separately (at the time of transferring into tanks and after 12 

months). For the first time point, a nested ANOVA (analysis of variance) with substrata (fixed 

factor with 3 levels: small basalt, large basalt and crushed laterite), seeding density (fixed factor 

with 2 levels: high and low) and replicate container (nested, random factor) was applied. For 

the second time point (12 months after transferring), a 1-way ANOVA with substrata (fixed 

factor with 3 levels) was applied. Gametophyte detachment density and reproductive success 

were analysed at the end of the experiment (Day 56) using a 3-way ANOVA with substrata 

(fixed factor with 3 levels), seeding density (fixed factor with 2 levels) and post-seeding time 

(fixed factor with 2 levels: 30 days and 100 days post-seeding). When appropriate, ANOVA 

main tests were followed by pairwise comparisons. 

 

5.4 Results  

Gametophyte fragments from stock cultures were able to adhere to all 4 tested substrata 

successfully, however, gametophytes that adhered to the limestone gravel (the natural reef type 

off Western Australia) suffered extreme tissue bleaching and died. Gametophytes that adhered 

to the small and large basalt and laterite gravel were healthy, fertilised following seeding and 

microscopic sporophytes were visible within 14 days. Seawater pH in containers with 

limestone gravel ranged between 3.88 and 4.07, whereas in containers with the other tested 

substrata, pH ranged between 7.18 and 7.70. 
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5.4.1 Sporophyte growth on green gravel 

Sporophyte length at the time of transferring from incubators to aquarium tanks was similar 

among substrata (nested ANOVA; substrata F2,6 = 0.84, p = 0.476; Figure 5.3 A and 5.4) and 

between seeding densities (nested ANOVA; seeding density F1,6 = 0.02, p = 0.890; Figure 5.3 

A). No significant differences were observed within the interaction term (nested ANOVA; 

substrate × seeding density F2,6 = 1.24, p = 0.353; Figure 5.3 A). Maximum lengths were on 

average (± SE) 4.1 ± 0.5 mm on the small basalt, 3.7 ± 0.3 mm on the large basalt and 3.3 ± 0.2 

mm on the crushed literate. After 12 months of rearing in aquarium tank, substrata showed a 

significant effect on sporophyte length (1-way ANOVA; substrata F2,105 = 10.60, p < 0.001; 

Figure 5.4). Pairwise comparisons showed that sporophytes growing on both basalt gravel 

were larger than those on the crushed laterite (small basalt 95% CI = 0.032 to 0.259, p = 0.008; 

large basalt 95% CI = 0.101 to 0.327, p < 0.001). Between the 2 basalt gravel, lengths were 

similar (p = 0.324). Further, sporophyte density on green gravel changed over time from many 

microscopic sporophytes covering the gravel at the time of transferring into aquarium tanks 

to only 1 - 4 juvenile sporophytes on each gravel after 12 months.  

 

Figure 5.3 Sporophyte length (mean ± SE) on green gravel for each substratum and seeding density 

(A) at the time of transferring into aquarium tanks (3 months post-seeding), and (B) 2 months after 

transferring. Colours refer to the initial seeding density 
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Figure 5.4 Sporophyte length (mean ± SE) on green gravel over time after transferring into aquarium 

tanks. Colours refer to the type of substrata 

 

5.4.2 Gametophyte detachment from green gravel  

Gametophyte fragments that detached from the gravel were able to adhere to surrounding 

petri dish surface successfully in all trials. The density of detached gametophytes varied 

significantly within the interaction of substrata and post-seeding time (ANOVA; substrata × 

post-seeding time F2, 36 = 8.74, p < 0.001; Table 5.1 and Figure 5.5A , B), but not seeding density 

(ANOVA; substrata × seeding density × post-seeding time F2, 36 = 0.46, p = 0.636; Table 5.1). 

Pairwise comparisons showed that gametophyte density 30 days post-seeding was higher 

around the crushed laterite than the small basalt gravel (95% CI = 0.419 to 1.087, p < 0.001). 

Between the 2 basalt gravel types, gametophyte density was higher around the large basalt (95% 

CI = 0.177 to 0.845, p = 0.001). In contrast, density of detached gametophytes 100 days post-

seeding did not significantly differ between the crushed laterite and both small and large basalt 

(p = 1.000; and p = 0.337 respectively) nor between the 2 basalt gravel (p = 0.738). Further 
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comparisons showed that for all 3 tested substrata, the density of detached gametophytes was 

significantly greater 30 days post-seeding than 100 days post-seeding (small basalt 95% CI = 

0.002 to 0.542, p = 0.048; large basalt 95% CI = 670 to 1.210, p < 0.001; crushed laterite 95% CI 

= 0.695 to 1.235, p < 0.001).  

 

Figure 5.5 Effects of substrata and post-seeding time on Ecklonia radiata (A, B) gametophyte 

detachment and (C, D) reproductive success of detached gametophytes over time. Gametophyte 

detachment from gravel (i.e. gametophyte density) is expressed as the number of gametophytes cm-2 

adhered to the dish surface around the gravel. Reproductive success (i.e. sporophyte density) is 

expressed as the number of sporophytes cm-2 adhered to the dish surface around the gravel. Data 

represent mean ± SE. Colours refer to the type of substrata. Please note different scale on Y-axis 
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Table 5.1 ANOVA main test results testing for the effect of substrata (fixed factor), seeding density 

(fixed factor), post-seeding time (fixed factor) and their interactions on Ecklonia radiata gametophyte 

detachment from green gravel on Day 56. Significant results (p < 0.05) are highlighted in bold. Data 

were log10+1 transformed to meet the assumption of homogeneity of variances (before 

transformation p < 0.001; after transformation p = 0.218) 

Source of variation df MS F P-value 

Substrata 2 0.66 9.38 < 0.001 
Seeding density 1 0.07 1.04 0.314 
Post-seeding time 1 6.32 89.31 < 0.001 
Substrata × seeding density 2 0.01 0.16 0.852 
Substrata × post-seeding time 2 0.62 8.74 < 0.001 
Seeding density × post-seeding time 1 0.02 0.23 0.637 
Substrata × seeding density × post-seeding time 2 0.03 0.46 0.636 
Residual 36 0.07   

 

5.4.3 Reproductive success of detached gametophytes 

Reproductive success of detached gametophytes varied significantly among substrata 

(ANOVA; substrata F2,36 = 77.51, p < 0.001; Table 5.2 and Figure 5.5 C, D), but not between 

seeding density (ANOVA; seeding density F1,36 = 1.48, p = 0.231; Table 5.2), post-seeding time 

(ANOVA; post-seeding time F1,36 = 3.96, p = 0.054; Table 5.2) or their interaction (ANOVA; 

substrata × seeding density × post-seeding time F2,36 = 1.81, p = 0.178; Table 5.2).  Pairwise 

comparisons among substrata showed that sporophyte density was greater around the crushed 

laterite than both small and large basalt gravel, suggesting a significant effect of substratum 

roughness (95% CI = 0.831 to 1.257, p < 0.001; 95% CI = 0.173 to 0.599, p < 0.001 respectively). 

Between the 2 basalt gravel types, sporophyte density was greater around the large basalt than 

the small basalt gravel, suggesting a significant effect of substratum size (95% CI = 0.445 to 

0.871, p < 0.001).   
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Table 5.2 ANOVA main test results testing for the effect of substrata (fixed factor), seeding density 

(fixed factor), post-seeding time (fixed factor) and their interactions on reproductive success of 

detached Ecklonia radiata gametophytes from green gravel on Day 56. Significant results (p < 0.05) 

are highlighted in bold. Data were log10+1 transformed to meet the assumption of homogeneity of 

variances (before transformation p < 0.001; after transformation p = 0.175) 

Source of variation df MS F P-value 

Substrata 2 4.46 77.51 < 0.001 
Seeding density 1 0.09 1.48 0.231 
Post-seeding time 1 0.23 3.96 0.054 
Substrata × seeding density 2 0.18 3.15 0.055 
Substrata × post-seeding time 2 0.06 1.02 0.371 
Seeding density × post-seeding time 1 0.02 0.37 0.549 
Substrata × seeding density × post-seeding time 2 0.10 1.81 0.178 
Residual 36 0.06     

 

5.5 Discussion  

A key challenge in the current Decade of Ecosystem Restoration is scaling up restoration tools 

to meet the rapid rates of loss (Saunders et al. 2020, Filbee-Dexter et al. 2022). Considering 

that kelp forests have fast growth rates and have declined over large areas of their global range, 

there is great opportunity to increase efforts to protect and restore kelp forests and secure the 

many fundamental ecosystem services that they provide to human society (Feehan et al. 2021). 

Green gravel is a simple, cost-effective and scalable restoration technique that involves two 

main processes: culturing kelp propagules in the laboratory and out-planting them back into 

the field (Fredriksen et al. 2020). Here, we tested the feasibility of cultivating Ecklonia radiata 

gametophytes on gravel and the ability of gametophytes that detach from gravel to develop ex 

situ. Our results showed that E. radiata gametophytes from stock cultures were able to adhere 

and develop successfully on gravel, demonstrating green gravel to be a promising option to 

restore E. radiata populations. Moreover, we also showed that gametophytes detached from 

gravel can develop on the surrounding substratum, making green gravel a versatile tool to seed 
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degraded reefs either directly through juvenile sporophytes attaching onto the gravel or 

indirectly by providing a way to disseminate reproductive material onto the underlying reef to 

enrich restored or degraded sites. 

In this study, we focused on optimising the first step of the green gravel process: culturing E. 

radiata gametophytes on small gravel. This is challenging because early life stages of kelp are 

extremely sensitive to contamination (Redmond et al. 2014) and most culture studies on E. 

radiata do not continue beyond the microscopic sporophyte stage. Substrata type (i.e. gravel) 

had some effects on the survival of E. radiata gametophytes. The extreme tissue bleaching in 

gametophytes that adhered to the limestone gravel highlights the importance of testing the 

choice of gravel prior to starting experiments. Some gravel can potentially modify seawater 

chemistry (Brockmann & Janse 2008) and adversely affect the survival of the very small early 

stages of kelp, thus resulting in ineffective interventions and wasting valuable resources. 

Gametophytes that adhered to the three other tested gravel types, however, developed into 

healthy juvenile sporophytes, and surprisingly, seeding density had no effect on sporophyte 

length. This result was unexpected because intraspecific competition for nutrient and space 

increases with density, and therefore growth in high density cultures is reduced due to 

competition, compared to low density cultures (Reed et al. 1991, Steen 2003). However, it is 

possible that this competition could have induced density-dependent mortality (Reed 1990), 

thus partially explaining the low number of sporophytes that were eventually growing on the 

gravel after 12 months. Further, both seeding densities used in this study are significantly lower 

than densities previously used for kelp aquaculture (e.g. Flavin et al. 2013, Redmond et al. 

2014), yet seeding with considerably different densities yielded similar results with no 

differences in growth in Saccharina latissima (Fredriksen et al. 2020). This suggests that 

seeding density may not limit the successful development of sporophytes on the gravel. This is 

particularly important when green gravel is being seeded with gametophytes from stock 

cultures, where material could be limited. 
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Besides the successful adhesion and development of E. radiata gametophytes on the gravel 

itself, gametophytes that detached from the gravel were able to settle onto the surrounding 

substratum, then fertilise and develop into juvenile sporophytes. Given that eventually only 

few sporophytes will  grow into large kelp on each gravel regardless of initial seeding density, 

as seen in our results and Fredriksen et al. (2020), the ability of microscopic stages to settle 

onto surrounding substrata after detaching from the gravel can help to increase the number of 

juveniles that may directly attach to the reef and reach the adult stage at the restoration site. 

Substrata type had a significant effect on the density of detached gametophytes, with larger and 

rougher textured gravel showing higher densities of detachment. This result was expected 

given that propagule settlement was found to be higher on rougher substratum than on smooth 

substratum (Falace et al. 2018), and thus more gametophytes will detach as they grow larger 

and competition for space increases. Notably, timing in which green gravel was moved did 

affect the density of detached gametophytes, with higher densities observed 30 days post-

seeding compared to 100 days. This could be because most gametophytes had undergone 

gametogenesis during the longer incubation time in the laboratory, which reflected on the low 

density of detached gametophytes 100 days post-seeding. These results also suggest that with 

time, gametophytes may become solidly attached to the gravel and might not be capable of 

detaching, which highlights the importance of timing when out-planting the gravel into the 

field. It is suggested that the out-planting process should be carried out within 1-2 months of 

cultivating in the laboratory, as kelp cultured for long periods in laboratory settings may 

perform poorly in the field (Eger et al. 2022a). However, this might not be possible with 

realistic time frames of cultivation. Whilst the rates of gametophyte detachment in our 

experiments became significantly low 100 days post-seeding, questioning the effectiveness of 

green gravel as a vector of dispersal, reproductive success (i.e. sporophyte density on the 

surrounding substratum) was similar between the two post-seeding times. This suggests that 

sporophytes that developed on the gravel may also detach and adhere successfully onto 
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surrounding substrata even after a few months of seeding on the gravel. This was also 

supported by observations in our aquarium experiments, where sporophytes were observed 

growing on other structures in the tank many months after transferring from the incubators  

(e.g. surrounding trays, wave makers). This was only observed in aquarium tanks with green 

gravel, which shows that it was not an artefact from inflowing seawater. The presence of 

sporophytes away from the gravel could also be due to the mobility of kelp gametes (Lüning 

1990). Whilst kelp eggs are immobile, they have the potential to break away from the fertile 

gametophyte after gametogenesis. This may result in an instance where a detached egg is 

fertilised by a mobile sperm and thus develop into a sporophyte on surrounding substrata. 

Indeed, kelp propagules will need suitable substrate to settle and develop on after detaching 

from the gravel, which is often not available in degraded areas (e.g. turf algae). In some 

instances, substrates can be added to overcome this limitation. In addition, the abundance of 

turf algae regularly displays seasonal patterns (Diaz-Pulido & Garzón-Ferreira 2002), thus 

carrying out the out-planting process during periods when abundance is low may help increase 

the successful adhesion of kelp propagules onto surrounding substrata (Eger et al. 2022a). 

Factors that could challenge the successful settlement of kelp early life stages in the field require 

more investigation including sedimentation, grazing activity and wave action. 

In this study, full scale field trials of green gravel were not possible due to delays in receiving 

restoration permits, highlighting that the permitting and regulatory process could be a 

significant barrier to developing these techniques efficiently (Shumway et al. 2021). Although 

regulations, policies and legislation guide restoration programs, such governance can be a 

major hurdle to the success and sustainability of restoration programs (Sapkota et al. 2018). 

Indeed, current restoration governance needs improvement and strengthening in order to 

successfully implement restoration programs (Richardson & Lefroy 2016).  

Contamination is a major challenge in cultivating kelp and other seaweeds in an aquarium 

setting (Redmond et al. 2014). Microscopic epiphytic algae were found to likely be the primary 
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cause of kelp degeneration and mortality in aquarium tanks (Tew et al. 2011). Aquarium 

settings reported in this study were developed after many challenges we faced in early trials, 

including diatom and red algal contaminations. Indeed, seawater carries many 

microorganisms that can graze on and compete with kelp in aquariums (Redmond et al. 2014) 

and using sand-filtered and UV-treated seawater was sufficient to remove biological 

contaminants. Reducing light levels and adding germanium dioxide (GeO2) also helped in 

controlling contamination levels. Yet, poor quality seawater and contamination could be a 

limitation for green gravel success in some aquaria and for some kelp species. In this study we 

established some fundamental knowledge for optimum cultivation of E. radiata not only for 

green gravel application context, but also for the seaweed farming industry (Buschmann et al. 

2017, Filbee-Dexter et al. 2022). It should also be noted that while we were successful in 

culturing E. radiata in aquarium tanks for over 12 months, growth rates of these kelp are low, 

and their size was small compared to wild juvenile kelp (Wernberg et al. 2019a). This 

underdevelopment is likely to be a consequence of being cultured in aquaria, thus further 

efforts to optimize such settings are required. 

Collectively, our results show the potential in applying green gravel to restore lost or declining 

E. radiata populations. Indeed, determining the ability of E. radiata gametophytes to adhere 

and develop successfully on green gravel, as well as on surrounding substrata through lateral 

movement, is a critical first step in optimising this tool for restoration programs in Australia. 

Further research is required to improve and finesse green gravel for restoration and 

conservation, including field tests of this tool. Studies that take into consideration potential 

stressors and competitors that can inhibit kelp recruitment (e.g. sediments and turf algae; 

Watanabe et al. 2016, Layton et al. 2019) are necessary to optimise the out-planting process 

and increase restoration success.  
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“The number of living creatures of all Orders, whose existence intimately depends on kelp is 

wonderful . . . I can only compare these great aquatic forests . . . with the terrestrial ones in the 

intertropical regions. Yet if in any country a forest was destroyed, I do not believe nearly so 

many species of animals would perish as would here, from the destruction of the kelp. Amidst 

the leaves of this plant numerous species of fish live, which nowhere else could find food or 

shelter; with their destruction the many cormorants and other fishing birds, the otters, seals, 

and porpoise, would soon perish also” 

- Charles Darwin 1909, The voyage of the Beagle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Watercolour painting of the golden kelp Ecklonia radiata with a common seadragon seeking 

shelter in the forest, by Dominic Lindus.         Credit: Dominic Lindus. 
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6.1 Thesis overview 

Kelp forests sustain local biodiversity by providing refuge, habitat and food for an array of 

marine animals (Dayton 1985, Teagle et al. 2017) and support the ecological, social and 

economic values of marine ecosystems globally (Wernberg et al. 2019b). However, they have 

undergone substantial declines due to climate change, particularly warming seawater 

temperatures (Suzuki et al. 2008, Johnson et al. 2011, Díez et al. 2012, Moy & Christie 2012, 

Wernberg et al. 2016, Filbee-Dexter & Wernberg 2018, Wernberg et al. 2019b). In light of 

increasing threats that climate change poses to kelp forests at both ecological (Wernberg et al. 

2013, Krumhansl et al. 2016, Wernberg et al. 2016, Arafeh-Dalmau et al. 2019) and genetic 

(Wernberg et al. 2018, Coleman et al. 2020a, Vranken et al. 2021) levels, active interventions 

are needed to combat kelp declines in many regions (Coleman et al. 2020b). In regions where 

current rates of warming are exceeding the ability of kelps to adapt to new conditions, it is clear 

that restoring ecosystems to former or current states will no longer be effective, prompting 

calls to ‘future-proof’ restoration efforts so that kelps can survive under predicted future 

conditions (Coleman et al. 2020b).  

The overarching aim of this thesis was to investigate kelp responses to climate change from 

both genetic and ecological perspectives, in order to reliably predict their persistence into the 

future, as well as improve restoration and future-proofing tools for kelp forests. The dominant 

Australian kelp, Ecklonia radiata, suffered significant losses in areal extent and cover, from 

370 km2 of reef and experienced changes in genetic structure and reduced genetic diversity 

during a marine heatwave, with marine heatwaves identified as the key driver of habitat loss 

(Coleman et al. 2020a). Culturing experiments revealed that kelp recruitment success was 

reduced when genetic diversity decreased (Chapter 3) and that different genotypes had 

different tolerance to acute thermal stress (Chapter 4). Rock fragments seeded with cultured 

kelp recruits (termed “green gravel”) can be a feasible option to provide seed material for 

potential field restoration where natural recovery of kelp forests has failed (Chapter 5). In this 
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final General Discussion, I discuss the main findings of these chapters, particularly in terms of 

their implications for restoration and future-proofing strategies, as well as identify key areas 

of future research. 

 

6.2 Will kelp persist in a changing environment? 

Kelp gametophytes are a key stage that influence recruitment success and play an important 

role in the recovery of kelp forests after a perturbation. This microscopic life stage is especially 

critical for kelp persistence in populations suffering significant sporophyte mortality due to 

climate change (Ladah & Zertuche-González 2007, Roleda & Dethleff 2011). This thesis 

expands our current knowledge and understanding of this key stage of the kelp life cycle and 

addresses a significant knowledge gap in the marine heatwave effects on kelp literature. In this 

thesis, I observed a typical kelp strategy where gametophytes can delay gametogenesis and 

persist through harsh environmental conditions as dormant ‘seed banks’ (Chapter 3 and 4), 

then resume fertilization and sporophyte recruitment as soon as the stress is removed 

(Hoffmann & Santelices 1991, Schoenrock et al. 2021; Chapter 4). This delay in gametophyte 

development ensures that sporophyte growth and development proceeds only when 

environmental conditions are suitable (Hoffmann & Santelices 1991, Schoenrock et al. 2021). 

Gradual ocean warming and extreme marine heatwave events are expected to occur more 

frequently and become longer and more intense in the future (Oliver et al. 2019), suggesting 

shorter and potentially warmer recovery times following these events. This thesis showed that 

gametophyte survival under high temperatures may be more related to total heat exposure 

rather than specific warming profiles of heat intensity (Chapter 4), suggesting that models of 

kelp vulnerability to future warming and marine heatwaves should use total degree days, as 

opposed to maximum heat intensity. The high levels of gametophyte mortality coupled with 

arrested sporophyte recruitment under predicted future climates make it clear that proactive 

interventions that increase resilience and adaptive capacity are necessary to prepare kelp 
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populations for these future conditions (Wood et al. 2019, Coleman et al. 2020b). Indeed, 

ecological understanding along with empirical genetic knowledge on adaptive capacity are 

essential for guiding these interventions towards achieving a sustainable future.  

 

6.3 Integration of genetic knowledge into kelp restoration 

6.3.1 Genetic diversity 

The loss of genetic diversity in small isolated populations reduces their adaptability to 

changing environments and elevates inbreeding depression, thus increasing their risk of 

extinction (Ralls et al. 2020). In this thesis, I observed clear signs of inbreeding depression 

associated with low levels of genetic diversity (Chapter 3). Yet, I found that even a small 

increase in genetic diversity enhanced fitness, mirroring previous studies on seagrass where 

slight increases in genetic diversity resulted in increased density and improved overall 

ecosystem services (e.g. Reynolds et al. 2012). In general, genetic diversity has a positive effect 

on population fitness, and adaptation and resilience to climate change depend heavily on 

standing genetic variation within populations (Reed & Frankham 2003, Wernberg et al. 2018). 

Adaptation to a stressor may, however, be constrained by fitness trade-offs (i.e. genotype 

fitness increase in the selective environment but decrease in other nonselective environments; 

Pörtner et al. 2006, Kelly et al. 2016). In this thesis, I found evidence of genetic variation in 

response to thermal stress within kelp populations (Chapter 4). This genetic variation may lead 

to the gradual evolution of populations with increased thermal tolerance. Restoration 

programs can benefit from harnessing this variation to boost population resilience to thermal 

stress (Wood et al. 2020). However, as trade-offs can influence responses to co-occurring 

stressors and shape evolutionary outcomes (Kelly et al. 2016), it is necessary to understand 

potential trade-offs prior to implementing such interventions (Muller et al. 2021). Overall, the 

results from this thesis suggest that kelp restoration programs aimed at attaining high levels of 
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genetic diversity are more likely to succeed. In an era of increasing uncertainty, maintaining 

genetic diversity is crucial to enhancing ecosystem resilience and efforts should be made to 

identify and select genetically diverse populations as potential donors for restoration actions 

and to develop restoration techniques that can sustain that diversity. 

6.3.2 Provenance and selection of donor sites 

In any restoration program, prior knowledge of local environmental conditions, genetic 

structure of the population of interest and local policies and guidelines underpin decisions on 

selection of suitable donor sites. This thesis increases the current understanding of the 

importance of donor plant selection for restoration. I demonstrated that identification of ‘pre-

adapted’ genotypes (i.e. genotypes that attain higher fitness levels than others under projected 

environmental stress) could be achieved through laboratory stress experiments and 

assessments for genotype × environment interactions (Chapter 4). These laboratory 

experiments can aid identification of potentially resilient genotypes or even populations to 

source donor material from. These genotypes can be maintained in culture and seeded into 

natural populations to promote adaptation in a changing climate. Given the speed at which 

climate is changing, this targeted approach of sourcing donor populations from environments 

more similar to projected futures of the restoration site, may help mitigate against climate 

change (i.e. ‘climate-adjusted’ provenancing; Prober et al. 2015). This approach can maximise 

the potential selection of pre-adapted genotypes, while increasing resilience of restored kelp 

forests to future climate change (Prober et al. 2015).  

The most widely applied strategy in restoration programs to date is to source donor plants 

from sites nearby or well-connected to the restoration site, often to maintain locally adapted 

genotypes (i.e. ‘local’ provenancing; McKay et al. 2005, Broadhurst et al. 2008, Pazzaglia et al. 

2021, Wood et al. 2021). However, critical problems were identified with this ‘local is best’ 

paradigm, including the possibility that (i) restored populations do not possess sufficient 
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genetic diversity and evolution potential or harbour functional traits that would make them 

resistant or resilient to future environments (e.g. tolerance to extreme marine heatwaves; see 

Chapter 4), and (ii) environmental conditions that drive local adaptation could change very 

fast, hindering the benefits of utilizing locally adapted genotypes (Sgrò et al. 2011). Shifting to 

a climate-adjusted provenance strategy could, however, introduce novel genotypes (assisted 

gene flow), potentially helping to restore levels of genetic diversity within the restored site and 

overcome fitness reduction in inbred populations (genetic rescue). Thus, kelp restoration 

programs should implement this provenance strategy and integrate manipulative stress 

experiments as a tool to identify and assess pre-adapted genotypes as the basis of future 

restoration efforts. While there are risks associated with mixing local genotypes with non-local 

genotypes (i.e. outbreeding depression or introduction of maladapted genotypes into restored 

populations; Breed et al. 2018), which must be considered before the climate-adjusted 

provenance strategies are implemented, the introduction of pre-adapted or ‘climate-ready’ 

genotypes has the potential to enhance survival of restored populations under future climates 

(Wood et al. 2019).  

6.3.3 Seed banks and breeding programs 

Kelp seed banks (also called ‘germplasm banks’ or ‘bio-banks’) are composed of dormant 

gametophytes growing vegetatively (Wade et al. 2020). The artificial release of healthy viable 

zoospores is an important first step to establishing gametophyte cultures to create seed banks. 

Despite the abundance of studies, no standardised method for kelp zoospore release exists. In 

this thesis, I found that the methods used to induce kelp zoospore release in the laboratory 

were not consistent and a high degree of variation existed even within species from the same 

ecoregions (Chapter 2). This suggested that experimental zoospore release protocols might 

reflect trial and error rather than a sound biological basis. I emphasise that efforts should be 

made to optimise protocols within species, and recommend research to, at a minimum, report 

achieved zoospore release densities, as this can facilitate comparisons among studies, regions 
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and taxa. Indeed, with the growing recognition of the importance of kelp seed banks and large-

scale nurseries that depend on gametophyte cultures in both a restoration and conservation 

context (Wade et al. 2020), standardisation and reporting of methodologies for zoospore 

extraction can improve seed banks establishment and prevent waste of effort and valuable 

resources. (Although beyond the scope of this thesis, knowledge around inducing spore release 

is also important for the development of kelp farming techniques, as these gametophyte 

cultures are used in commercial hatcheries to seed lines). As habitat fragmentation and climate 

change threaten the vulnerable rear-edge populations, which are often genetically diverse and 

contain valuable genetic traits (Wood et al. 2019, Vranken et al. 2021, Wood et al. 2021), seed 

banks can help in preserving these rare genotypes into the future (Wade et al. 2020). Seed 

banks can also facilitate the application of genetic techniques (e.g. selective breeding or strain 

manipulation) to improve restoration outcomes. In fact, these genetic techniques have long 

been utilised by seaweed farms in the aquaculture sector to enhance specific traits such as 

biomass yield and quality (Hwang et al. 2019), yet are only now being explored in a restoration 

context (Coleman & Goold 2019, Layton & Johnson 2021). Selective breeding can help develop 

‘super kelps’ which are then used as the foundation for restoration efforts, and there is 

promising evidence emerging for its application to kelp restoration programs (Layton & 

Johnson 2021). Wade et al. (2020) provide encouraging examples of successful seed bank 

establishments and emphasise that future conservation and aquaculture efforts will benefit 

greatly from such banks, but more support and international recognition of their importance 

are necessary. Here in Australia, one of the world’s first kelp seed banks that aim to future-

proof restoration efforts has started selective breeding trials for warm-tolerant genotypes in 

the giant kelp Macrocystis pyrifera and preliminary results are promising (Layton & Johnson 

2021).  
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6.4 Developing sustainable methods for restoration 

Kelp forest restoration projects have rarely been successful and often involve prohibitively high 

costs and only cover 10s to 100s of m2 (Bayraktarov et al. 2016, Eger et al. 2020a, Layton et al. 

2020). Transplantation of adult or juvenile kelp from donor populations remain the primary 

mode of kelp restoration (Basconi et al. 2020). Although infrequent and small-scale 

transplantation practices may not affect donor populations, restoration success is often 

coupled with multiple transplantations which may threaten donor populations adaptive 

capacity and ability to recover following a perturbation (Wood et al. 2019). Thus, the need to 

increase the scale of kelp restoration must be balanced with the importance of conserving these 

remaining wild populations. With this aim in mind, a new restoration tool was developed to 

overcome many limitations of current restoration approaches (Fredriksen et al. 2020; as 

discussed in Chapters 1 and 5). In this thesis, I built upon the “green gravel” approach and 

demonstrated the potential for green gravel to be a feasible method to restore Ecklonia radiata 

populations in Australia. Determining the ability of E. radiata gametophytes to attach and 

grow successfully into sporophytes on small rocks is a critical first step in optimising green 

gravel for restoration programs in Australia. Importantly, I demonstrated that green gravel can 

also be used as a vector for gametophyte supply, which may help to combat inbreeding 

depression in small and isolated population and reverse genetic erosion (as in Chapter 3). I 

found that the choice of gravel may have some effects on gametophyte dispersal, yet, given that 

the gravel were commercially sourced to accommodate the overarching aim for green gravel 

(to develop this tool for the use of community groups, institutions, and conservation 

organisations alike), some factors that can affect the results around surface roughness could 

not be controlled and future studies should take this limitation into account. Regardless, the 

green gravel approach has the potential, with the advent of genomic technologies (Wernberg 

et al. 2018), to not only restore lost or declining kelp populations but also to future-proof 

vulnerable populations, by providing a means of propagating a few strong genotypes from 
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more resilient kelp populations (as in Chapter 4). This is encouraging for both Australia’s 

significantly threatened kelp E. radiata (as discussed in several parts of this thesis), and kelp 

restoration programs globally. Green gravel is now receiving considerable attention and an 

international ‘Green Gravel Action Group’ of projects around the world are testing this 

approach with the goal of providing scalable and practical solutions to restore and future-proof 

kelp forests against climate stress (see https://www.greengravel.org/projects-and-

organisations, accessed on 15 January 2022). 

 

6.5 Risks and ethics surrounding assisted evolution 

The idea of utilising assisted evolution to combat climate change raises important ethical 

questions and ecological concerns. This is because assisted evolution does not aim to restore 

ecosystems to historic or present states, but to create novel ecosystems, by manipulating 

species at the genetic level, to enable their persistence in the future (van Oppen et al. 2015, 

Filbee-Dexter & Smajdor 2019). This genetic manipulation, through the release of translocated 

or captively-bred species, can have serious risks, including the possibility of these non-native 

species to become invasive and/or carry pathogens that can adversely affect native species 

health (Laikre et al. 2010). More controversial and drastic measures such as using CRISPR-

Cas9 or other gene editing tools to genetically manipulate wild species hold its uncertainties 

regarding the release of modified DNA segments into natural populations (Arriaga et al. 2006). 

Extensive research is required before such interventions can sensibly be implemented 

(Coleman & Goold 2019). Indeed, debates around assisted evolution and the desirability of 

anthropogenically designing the ecosystem to what “we want it to be” are long and should 

move towards “whether, when, and how we might disrupt the genetics of ecosystems for the 

sake of conservation” (Filbee-Dexter & Smajdor 2019). 
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6.6 Future research  

6.6.1 Understanding the physiology of thermal tolerance 

In this thesis, we were able to identify warm-tolerant genotypes and therefore provide an 

important physiological foundation for restoration. Future research focusing on 

understanding the physiological bases of enhanced heat tolerance in some genotypes will be 

necessary (Layton & Johnson 2021). Such studies can assist in identifying other populations 

that might be resilient or vulnerable to climate change and warming, and thus improve assisted 

evolution interventions and selective breeding programs in the future.   

6.6.2 Identifying novel, potentially tolerant populations 

As climate change continues to degrade and fragment kelp populations, future research will 

likely focus on restoring these reefs, and the identification of potentially tolerant populations 

should be prioritised. One way to identify such populations is to examine remnant scattered 

populations in locations suffering significant kelp loss, as these small populations could 

represent ‘bright spots’ that contain genotypes that are more tolerant to the driver(s) of habitat 

loss (King et al. 2019). Focusing on such ‘bright spots’ should thus be a high priority for future, 

offering a pragmatic approach to conservation and restoration.  

6.6.3 Optimising out-planting and restoration methods 

The UN Decade of Ecosystem Restoration (2021-2030) has the overarching aims of 

preventing, halting and reversing ecosystems degradation worldwide. Efforts to restore marine 

forests must thus shift from small-scale, short-term academic experiments to large-scale 

community-based and industry-driven programs (Filbee-Dexter et al. 2022). Before broad-

scale cross-sectoral restoration can be implemented, studies building on novel restoration 

techniques such as green gravel will be important. Future assessments of how sedimentation, 

grazing activity, presence turf algae and wave action will impact the out-planting process of 

the gravel are critical to answering questions such as when and how to out-plant. Indeed, a 
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large body of research is required to improve the effectiveness and scalability of the green 

gravel approach and other restoration interventions. 

 

6.7 Concluding remarks 

Clearly, gametophytes are a key stage in the persistence of kelp forest, and research is starting 

to unravel the role they play in maintaining kelp forests under predicted climate change 

(Veenhof et al. 2021). Gametophyte survival appears to be less affected by reductions in genetic 

diversity. This could be an evolutionary mechanism to allow growth and persistence of 

gametophytes until appropriate mates are found. Although environmental stress can prevent 

the onset of gametogenesis, gametophytes can remain in a state of dormancy until conditions 

improve. This ecological strategy can provide an advantage for populations that experience 

extreme climatic perturbations. With current and projected rates of kelp forest declines, active 

interventions are necessary to halt such declines and recover degraded forests (Coleman et al. 

2020b). Considering the ability of gametophytes to be artificially cultivated and preserved ex 

situ for prolonged periods (Wade et al. 2020), they may offer a way to initiate conservation and 

management of these significant forests. 
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Appendices 

 

Appendix A 

Data from: Alsuwaiyan NA, Mohring MB, Cambridge M, Coleman MA, Kendrick GA, 

Wernberg T (2019) A review of protocols for the experimental release of kelp (Laminariales) 

zoospores. Ecol Evol 9:8387-8398. 

 

A comprehensive list of the journal articles examining the microscopic stages on Laminariales, 

displaying the full description of the species studied; geographic location (GPS position) and 

ecoregion; collection date; sea surface temperature; details concerning the protocol used to 

induce zoospore release; aim of the research; and the reference. N/A indicates no data 

available. The codes used for the research aim refer to 1, ecological studies; 2, ecotoxicology 

studies; 3, aquaculture studies; 4, hybridization studies. 
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Appendix B 

 

Alsuwaiyan NA, Mohring MB, Cambridge M, Coleman MA, Kendrick GA, Wernberg T 

(2019) A review of protocols for the experimental release of kelp (Laminariales) zoospores. 

Ecol Evol 9:8387-8398. 
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